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Characteristics 


By HILMER KARLSSON! ano W. E. 


The fuel characteristic that appears to control plugging 
and corrosion in air preheaters is sulphur content. While 
other fuel constituents contribute to the degree of the 
problem, their effectiveness depends upon the sulphur 
content. The presence of carbon in the fuel gas may 
aggravate the corrosion problem so that the best combus- 
tion conditions must be maintained carefully. In select- 
ing air heaters for new installations, it is not possible to 
predict with any certainty the type of fuel that will be 
available during the life of the application; consequently, 
the air-heater design must provide controls that will 
maintain the cold-end temperatures within safe limits. 
The use of Cor-Ten or Mayari-R for the low-temperature 
surface and the use of cold-end baskets is recommended. 
Application of effective soot blowers using superheated 
steam or dry compressed air permits control of deposit 
formation. In the event that circumstances result in 
serious deposit formation, provision for water-washing of 
the heaters will provide an effective remedy. Consistent 
attention must be given to cold-end temperature under all 
conditions of operation and in this respect automatic 


controls should be considered. 


r O keep pace with changing economic circumstances, we 
must strive continually to improve our efficiencies. In this 
endeavor, in so far as power-generation boilers are con- 

cerned, advanced steam temperatures and = pressures make it 
essential that the maximum amount of heat be salvaged from the 
flue gas. When this heat is reclaimed by preheating the combus- 
tion air, we not only improve the heat-balance efficieney but also 
we generally improve the combustion process. [Improvements in 
the combustion process, not being amenable to ready evaluation, 
are not always placed in the proper perspective. 

If we review the past literature on air preheaters in boiler sery- 
ice, we note that through each time interval the authors mention 
the necessity of achieving greater efficiencies. To attain this goal 
each author mentions the desirability of using lower exit-gas 
temperatures which would require the elimination of plugging 
and corrosion caused by the presence of sulphur in the fuel 
among other factors. Some might receive the impression that in 
each period a new problem has been encountered rather than an 
extension of the old one. Actually, the penetration into this zone 
of difficulty has been controlled in each instance by the economic 
factors of the time, Le., the relative cost of fuel, equipment, labor, 
and soon, These factors have been increasing steadily in magni- 
tude so that with time flue-gas temperatures have been lowered 


steadily, Fig. 1. 
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In contemplating operation with low exit-gas temperatures, we 
must consider the possibility of outage caused by the heat-re- 
covery equipment, Should this oceur, the advantages obtained 
from high efficiencies are offset. Many designers and operators 
in the face of these circumstances prefer to forego the higher 
efficiencies and maintain conservative exit-gas temperatures. 
Others, realizing that the changing economic picture dictates 
higher efficiencies, are pushing forward into the trouble zone in 
an effort to achieve acceptable means of obtaining high efficien- 
cies while holding the operating circumstances within acceptable 
bounds 

Experience with the regenerative preheater indicates that it has 
been able to meet the demands for low exit-gas temperature and 
still maintain the requisite availability. ‘The methods adopted to 
accomplish this are discussed later in the pauper 


CORROSION AND PLUGGING 


The effect on flue-gas-recovery equipment operating at low 
exit-gas temperature when burning low-grade fuels is evidenced 
by the plugging of flue passages and corrosion of heat-transfer 
surface. The cause of this deposit apparently lies with the forma- 
tion of sticky films containing sulphur compounds to which fly 
ash, and the like, may adhere. 

There are many theories regarding the mechanisms behind this 
phenomenon, characterized principally by their disagreement 
with each other. However, one common factor that appears in 
all the theories concerns the presence of sulphur in the various 
fuels. The type of fuel does not appear to be a factor although the 
method of firing has some influence, Lexperience indicates that 
with pulverized-coal firing the phenomenon is of a low order, 

When sulphur is burned in the furnace both SO, and SO, are 
formed. The relationship indicating the degree to which the sul- 
phur oxidation proceeds in either direction is given by 


VO. PK 


= 


e 
| 
| 
vhere 
A 


= oxygen 
P = total pressure 


AK = equilibrium constant 


and depends as shown upon the oxygen content (excess air), the 
total pressure, and an equilibrium constant. The equilibrium 
constant of this reaction as determined by Bodenstein and Pohl 


can be expressed by 


10,373 
log K = 2.222, log 14.592153 


where 7' is in degrees Kelvin. From this it may be seen that high 
flame temperature and low excess air are desirable in order to 
keep the formation of SO, at a minimum. The situation is com- 
plicated by the fact that certain oxides, including iron oxide and 
vanadium pentoxide, serve as a catalyst in this reaction encourag- 
ing the formation of SOs, 

This equation illustrates what might be expected in burning 
sulphur in high concentrations and is not necessarily indicative of 
what happens in « boiler furnace due to the many other elements 
present. In facet, there is some reason to believe that in the boiler 
furnace, it would be desirable to increase the oxygen content in 
order to reduce the effects of sulphur deposits. 

SO, in the presence of water hydrolyzes to H.oSO,, while in the 
same process SO; becomes H.LSO,. While both acids are corrosive, 
the activity of the second makes the first mild by comparison 
Further, H,SO, being an active reducing agent will oxidize in the 
presence of water to H,SO, although the rate of this reaction in 
flue gases is not established. Consequently the high activity of 
SO; has caused it to be suspected, and most investigators have 
sought to establish the mechanism of its formation in boiler flue 
W. F. Harlow (1, 2) suggested that SO; was not formed 


in the furnace in any significant quantities since in modern water- 


tube boilers, the furnace temperature is of the order of 2500 F 
He feels rather that SO, is converted to SO; by surface catalysts 
on the high-temperature parts of the boiler. In his opinion the 
He explains the low order of 


difficulty with pulverized-fuel firing as being due to catalyst 


catalyst responsible is ferric oxide 


poisoning from the fly ash formed by this firing method. 

On the other hand, Dr. Wittingham (3) states that SO, is 
formed in the furnace, Other investigators, Johnstone, (4) 
Rylands and Jenkinson (5) feel that ferric sulphate is responsible 
for conversion of SO. to SOs and that this takes place at the de- 
posit zone, 

Hf. F. Johnstone (4) indieates that fly-ash particles may retain 
unburned pyrites and thus cause the particles to adhere to hot 
He states further that it appears the sulphur pres- 
ent in the deposit on economizers and air heaters comes from the 


metal surfaces 


sulphur in the fly-ash particles. This sulphur is then oxidized after 
the fly ash has adhered to the surface 

In his report Johnstone (4) also mentions that he found a 
slight oxidation of sulphur dioxide taking place at high tempera- 
ture owing to the catalytic action of flue dust. He also found that 
the SO; concentration did not increase with the decreasing tem- 
peratures as the gas proceeds through the boiler and heat-recovery 
equipment, 

Another aspect of the corrosion mechanism appears to have 
some bearing on the problem concerning the solid matter en- 
trained in the flue gas, There is sufficient material available in 
the literature to stimulate speculation along this line. Most in- 
vestigators, Johnstone, Harlow, and Barkley, to mention a few, 
agree that with pulverized-coal firing the problem is nowhere 
as acute as with other methods. Barkley, Burdick, and Berk (6) 

* Numbers in parentheses refer to the Bibliography at the end of the 
paper 


JULY, 1953 

indicate that the amount of fly ash is a major factor affecting the 
results. It would appear that the character of solid matter en- 
trained in the gases with pulverized-coal firing interferes with the 
corrosion mechanism. The nature of this fly ash has been de- 
scribed by Rylands and Jenkinson (5) as consisting of small 
hollow spheres of fused materials. 

On the other hand, there is some limited evidence to indicate 
that the presence of carbon in the flue gases can increase the 
R. W. Kear (7) states that the 
presence of carbon accelerates the corrosion rate above the dew 
point of the clean or filtered gas, Fig. 2. In addition, he found 
that H,SO, deposits are greatly increased when carbon is present 


severity of the corrosion attack 


in the flue gas, Fig. 3. 
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It would appear, therefore, that the presence of carbon in the 


(Taken from paver by R. W. Kear 


flue gas can increase the corrosion rate and also raise the dew point 
of the flue gas over that experienced with clean flue gas. 

While there is only limited practical evidence to show that this 
actually occurs in the heat-recovery equipment, we do have the 
observation of R. J. Robertson and W. B. Gurney (8), that soot 
is particularly troublesome in that it contained H,SO, and that it 
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Further, we have the observation of H. F 
Johnstone (4), that the dew point of flue gas increased with in- 
creased furnace loading. 


was very sticky. 


It would not be unreasonable to expect 
that the unburned carbon content of the flue gas would increase 
under this condition. We also have the observation of FE. F. 
Tibbetts (9), that improved combustion conditions plaved a part 
Again, it mav be inferred that 
unburned will 


in avoiding deposit formation. 


with poor combustion conditions, earbon be 
present in the flue gas. 

It is believed the foregoing indicates that carbon present in the 
flue gas can play a part in the corrosion and plugging of flue-gas- 
recovery equipment. 

It would appear that sulphuric acid is absorbed by the carbon 
particles and carried to the surface of the economizer and air 
heater. The nature of the particles in the flue-gas stream result- 
ing from oil and stoker-firing is such that a high absorption rate 
may be expected. 

Carbon may be activated if subjected to temperatures of 1800 
F and above. In this condition the carbon particles can absor} 
SO» and SO; and water vapor. It is conceivable that the absorp- 
tion of SQ, and water vapor by the particle eould result in high 
Since H,SO;, is an active reducing agent 

Kear (7) indicates his belief that the 
SO, is absorbed by the carbon particles and then hydrolyzes to 


sistance in explaining the small amount of SO; measured in the 


concentrations of HoSOs. 
it can oxidize to H»SO,. 


This observation is interesting since it might be of as- 


flue gases in the colder zones. 

Carbon particles containing a high concentration of sulphuric 
acid become very sticky and thus provide means for a deposit 
build-up. 
stone’s observation that he felt the sulphur present in the deposit 
was carried there by the fly ash. 

Analysis of a number of deposits taken from air heaters indi- 
cated that where the fuel burned contained sulphur in significant 
quantities, those installations that were most troublesome gen- 
It further indicated that 
on other installations, with the same approximate sulphur con- 


This mechanism also would be in keeping with John- 


erally contained carbon in the deposit. 


tent which were not troublesome, little or no carbon was found 
in the deposit. It is appreciated that sufficient situations were not 
available for analysis to justify any definite conclusion in this 
It is further appreciated that carbon of itself is not the 
entire answer and that many other mechanisms exist that will 
and can cause the difficulty. However, it is felt that careful at- 
tention must be given to combustion conditions to avoid aggravat- 
ing an already serious problem. It is suggested that installations 
experiencing undue trouble from corrosion and plugging have 
their air-heater deposit analyzed for the presence of carbon among 
the other constituents normally reported. If carbon is found in 
the deposit, improvement in combustion conditions should be 
adopted to reduce the severity of the attack 


regard. 


MEANS OF CONTROLLING PLUGGING AND CORROSION 


While the problem of plugging and corrosion in air heaters and 
economizers looms as a large one and one that is not understood 
completely, it must be mentioned that air heaters are operating 
successfully. The great majority of installations are basically free 
of major difficulties; i.e., plugging and corrosion can be controlled 
so that foreed or unscheduled outages are not required. In the 
case of only a few installations of regenerative air heaters has it 
been necessary to operate at higher than specified exit-gas tem- 
peratures. In each instance the change has been occasioned 
through a change in the fuel burned after the design had been 
established. 

While it 
speculate on the nature and mechanism of the corrosion problem, 


Minimum Metal Temperatures. is interesting to 


it is probably more to the point to learn how to live with it. While 


AIR-PREHEATER DESIGN AS APFECTED BY 


FURL CHARACTERISTICS 


it is known that the type of fuel-firing equipment and metal 
temperatures are all factors in the control of corrosion and plug- 


ging, it is possible in most cases to deal only with metal tempera-_ 


tures since the other factors are bevond the control of the opera- 
tor. 

The experience of the authors’ company regarding acceptable 
metal temperatures for various fuels is summarized in Fig. 4 
These curves indicate the minimum average cold-end tempera- 
ture at any load for the various fuels and firing methods normally 
employed. 
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If the design condition is such that these minimum tempera- 
tures are approached at full-load operation, it will be necessary to 
provide some means of controlling the metal temperature at re- 
duced loads. Further, in those installations where the ambi- 
ent temperature can drop appreciably below the designed ambient 
temperature, it also will be necessary to provide the temperature 
It will be noted that Fig 
not show curves for pulverized-anthracite, sweet natural gas, or 


control at full-load operation. 1 does 


stoker firing. The values given in Table | are recommended. 


TABLE 1 RECOMMENDED (MINIMUM AVERAGE COLD END) 


PEMPERATURES 


Pulverized 
Natural sweet 
Bituminous coal 


and underfeed 


150 

160 

20 deg F over curves 
for pulverized bi 
tuminous 

10 deg F over curves 
for pulverized bitu- 


Anthracite 
ras 
Stoker-firing 
(chain-grate 
stokers) 
Stoker spreader 


These values are minimal and selection should be made at or 
above these limits. For design purposes these limits should be 
compared with the caleulated temperature without allowance for 
leakage. When using these limits as an operating guide, the actual 
air and gas temperatures may be used. 

In discussing cold-end protection, the question naturally arises 
The 


authors’ company, with the assistance and co-operation of the en- 


as to how well these temperatures can be determined. 


gineers of The Detroit Edison Company, has established through 
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actual field tests that the measured metal temperatures compare 
favorably with the average of the cold-end air and gas tempera- 
tures in the regenerative heater. Table 2 gives the results of these 


2 COMPARISON OF MEASURED COLD-END METAL 
CRATURES WITH AVERAGE COLD-END TEMPERATURES 


Average of air 
temp and exit- 
metal Temperature tempera- gas 
—s ure, entering air, ture, temperature 
eg deg F deg 
237.7 { 319 219 
230 3 209 208 45 


219.7 4 280 194.5 


Measured 
Evaporator 
load, 
Ib per br 


440000 
370000 
230000 


a The information from which these data were compiled was ol- 
tained in 1943 at the Marysville Power Plant of The Detroit 
Kdison Company, Marysville, Mich, 

‘The tests were made on boiler No, 12 having the characteristics 
given in Table 3. 


BOILER NO. 12, MARYSVILLE 
DETROIT EDISON 


TABLE 3 
POWER 


CHARACTERISTICS 
PLA 


NT AP-390, MARYSVILLE 
COMPANY 
General data 

3 CES boilers type VE-30, 10,080 sq ft; max pressure, 975 psi; boiler-drum 
pressure pei; total steam temperature F 

Surners: pulverized direct type T 

Evaporation, lb per br 440000) 370000) 300000 
Eentering-gas temp, deg F 660 604 545 
Eixit-vas temp, deg F 

Air entering temp, deg F 

Air leaving temp, deg F 

Entering was, tb per hr 

Exit air, Ib per hr 


The metal-temperature readings were obtained from = iron 
constantan thermocouples embedded in the heating elements. 
Fig. 5 illustrates the manner in which the thermocouples were 
attached, while Fig. 6 indicates their location in the rotor \ 
slip-ring arrangement was used to bring the thermocouple leads 


UNOULATEO SHEET 
NOTCHED SHEET 


AVEREISEN INSULATING CEMENT 


THiS END OF SLEEVE 
WITH SPECIAL NOTCHED PL ERS 


4 


Of PROTECTING TUBES 
JOMEO WITH SLEEVE — 


24-0-2 GLASS FIBER COVERED 
CONSTANTAN OUPLEXK WIRE 


ENO OF WIRES PLACED IN HOLES IN SHEET 
ANO SECURED BY BRAZING 


hig. 5 Mernop or Fastentnc To Heating 
Surrvace Usep in Test or Hearing-Surrace Temperature 
aT Manysvitte Power or Tue Detrorr Eptson Company 


JULY 


1953 


TRERMOCOVPLE 


THERMO- 
coveLes 


& PREHEATER 
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bia. 7) Stuup-Ring ARRANGEMENT Usep In Test or Heatine- 

Sereace Temperature at Marysvitie Power oF 
Tae Detroit Company 

out of the heater as illustrated in Fig. 7. Twelve rings were used 

permitting six simultaneous readings. 

Reference to the test results indicated that an acceptable mar- 
gin is provided by using the average of the cold-end temperatures 
In each instance this average is well below the actual minimum 
metal temperature. It should be noted, however, that these data 


apply only to the rotary regenerative-tvpe air heater. Owing to 
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6 Economizer by-passing 
d 7 Flue-gas recirculation 


_ 'T. A. Widell and 8. I. Juhasz (10) discuss the efficacy of various 
~ methods of achieving metal-temperature control. Figs. 9, 10, 
_and 11 present a comparison of the various characteristics of 
these methods. The original curve did not include steam-air 
_ heaters so that this has been added to the plot by the authors 
Combiflow. This may best be explained by reference to Fig. 12. 
With this method a portion of the air is made to flow in parallel 
with the flue gas and, by regulating this quantity, a control of 
metal temperature can be achieved. Dr. 8. IL. Juhasz is re- 
sponsible for this proposal, although te the authors’ knowledge, 
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Taken from paper by T. A. Widell and 8. I. Juhasz, reference (10.)| 


the nature of the heat-transfer process the metal temperature of 
the regenerative heater is appreciably higher than the recupera- 


RELATIVE REDUCTION OF 


tive types. This is illustrated in Fig. 8. 
Cold-End Protection. The various means for obtaining cold-end 


temperature protection are well known. For convenience, they 
are listed as follows: 
Fie. Revative Errect in Borter Output Causev by Use or 
Cold-air by-pass. Various Contro: Metuovs 


Steam-air heaters. 


“ Reduction of temperature of incoming flue gas 
Combiflow parallel counterflow. Reduction of temperature of air to boiler : 


= 5 Reduction of surface. From paper by T. A. Widell and 8. [. Juhasz, reference (19).) 
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Cold-air by-passing is probably the 
However, 


Cold-Au 
cheapest and simplest of the various control methods. 


By-Passing 


its effeet upon efficiency is detrimental so that where the control 
may be required for long periods, it may not be justified. [t pro- 
vides a wide-range control so that many times it is combined with 
more efficient control methods to assure adequate range. To ob- 
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tain the maximum range, particularly at low loads, dampers 
should be installed in the air duct to insure sufficient flow through 
the by-pass duct. This method also provides adequate air tem- 
perature for pulverized coals. In evaluating this system we have 
to consider the lower boiler efficiencies, the reduction in fan power, 
and the cost of two dampers and by-pass duct. 

Hot-Air Recirculation. 


most efficient method available in so far as the effect of boiler 


Hot-air recirculation represents the 
efficiency is concerned. However, its control range is limited by 
the quantities of recirculated air required for large adjustments 
For this case, it is preferable to combine 
Thus the ef- 
ficiency of hot-air recirculation may be realized at all normal con- 


in metal temperatures. 
hot-air recirculation with cold-air by-passing. 


ditions, while the occasional demand for increased protection can 
be obtained through cold-air by-passing. It is sometimes difficult 
to obtain sufficient mill air temperature for pulverized-coal-firing 
For this con- 
the hot- 


air recirculation so that a suitable air temperature may be 


installations when hot-air recirculation is used. 
dition cold-air by-passing can be combined with 
obtained, 

When hot-air recirculation is arranged to utilize the forced- 
draft fan for recirculation, the material for the installation is 
similar to the requirement for cold-air by-passing. A duct is run 
from the fan suction to the hot-air discharge of the air heater. 
Two dampers are required, one in the recirculation duct and 
another in the hot-air duct downstream from the recirculation- 
duct take-off, This last damper is used to insure adequate flow 
through the recirculation duct at low loads, It might be men- 
tioned that where the forced-draft fan is used for recirculation, 
difficulty may be experienced in obtaining adequate control where 
inlet vanes are used on the forced-draft fan. This can be over- 
come by arranging the inlet-vane control so that the recirculation 
duct may connect between the vanes and the fan suction or by 
using a separate fan for recirculation. 

When the separate fan is used better control is achieved, the 
recirculation system is independent of the forced-draft-fan sys- 
tem, and less power is required. 
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In evaluating hot-air recirculation, we must consider the change 
in boiler efficiency, increased fan power, and the cost of the duct, 
dampers, and fan, if a separate fan is used. 

Steam-Air Heaters. The steam-air heater provides an accepta- 
ble control method. It provides the highest air temperature, 
which is desirable, particularly for low-load operation at low am- 
Further, its efficiency is acceptable particu- 
While it reduces the gas tem- 
perature drop in the preheater below that obtained with recircula- 
tion, this reduction can be more than offset by the gain in the re- 
generative feed-cycle efficiency obtained through use of bled 


bient temperature. 
larly if bled steam can be used. 


steam. The increased air-side system resistance caused by the 
steam-air heater exists under all operating conditions whether or 
Other 


methods increase the system resistance only when the control is in 


not the control is used unless special provisions are made. 


In addition to the cost of the steam-air heater, piping, 
Further, suitable credit 


operation, 
valves, and so on, must be included. 
should be claimed if bled steam is utilized. 

Another method of metal-temperature 
control that has been used involves by-passing the gases around 
While 
increasing metal temperature this method also increases the air 


Economizer By-Passing. 
the economizer in order to raise the gas inlet temperature. 
temperature, which is desirable. However, the complications in- 
troduced in the boiler through this method have not made it 
particularly popular, 

Flue-Gas Recirculation. On stoker installations a portion of the 
flue gas leaving the air heater has been mixed with the combustion 
air as it enters the air heater. Thus the temperature of the air 


entering the heater is increased with «a resultant increase in 


metal temperature. This method has another advantage for 
stoker-fired installations since the increase in the CO, content 
of the combustion air causes a reduction in the grate tempera- 
tures, 

Evaluation of Cold-End Control Methods. 
the most suitable control for a given installation must be based 
Since the fac- 
tors controlling these evaluations are different for each applica- 
One study made by Paul 
Koch (11) indicated that the steam-air heater appeared most 
economical for the conditions that he assumed if bled steam was 


The final selection of 
upon economic evaluation of the particular case. 


tion, it is not possible to generalize. 


used as a source of heat. 


The systems studied were evaluated in the following order of 


It should be noted, however, that with other evaluation factors 


decreasing efficiency: 


1 Steam-air heater using bled steam. 
Hot-air recirculation, 
Steam-air heater using drum steam. 
Cold-air by-passing. 


the order may change. 

The efficacy of these various control methods ean be realized 
only if they are used consistently. In this respect it probably 
would be desirable in considering new installations to weigh 
carefully the value of automatic controls. 

Forced-Draft-Fan Location. While considering metal tempera- 
tures, mention should be made of the importance of taking the 
combustion air from the hottest part of the boilerhouse. While 
the advantage achieved is not of prime importance in metal- 
Where it is 
not possible to do this, such as in outdoor installations, it is neces- 


temperature control, it does provide definite gains. 


sary to provide protection over a greater range of temperatures, 
Further, in this connection, importance of protecting the forced- 
draft-fan inlet from rain and weather, on outdoor installations 
must be emphasized. 

be con- 


Combustion-Air Temperature Another factor to 


aa 
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sidered in the design of air heaters for low-temperature operation 
lies in the selection of the combustion-air temperature. A number 
of investigations by Gumz, Robertson, Gurney, and others indi- 
cate that with high air temperature and low excess air, the com- 
bustion of sulphur can be directed principally SOs. 
Further, with high air temperature, the combustion should im- 


toward 


prove and thus reduce the carbonaceous material entering the gas 
path. These investigators suggest that where circumstances per- 
mit, air temperature be considered up to 1000 F. 

Design Features. The air-heater designer has endeavored to 
ease the difficulties accompanying the burning of distress fuels 
(high sulphur and vanadium) by modifying the equipment de- 
sign. 
used. 


In this respect an important item concerns the material 
Materials that resist corrosion obviously extend the life of 
the element and increase the availability. Cor-Ten and Mavari-R 
have proved superior to other materials that are economically 
available. Aluminum has not been successful in regenerative 
heaters, 

With the regenerative air heater the corrosion is normally con- 
fined to the last few inches at the cold end. It is thus possible to 
improve element life by making provision to invert the element 
as the cold end thins. To accomplish this, the cold-end surface is 
installed in baskets that can be handled readily through the side 
of the heater. 

In addition, the use of side-removal baskets makes it possible 
to wash the cold-end element outside of the heater should deposit 
conditions make this necessary. 

The importance of heating-element design and the flow length 
of the passages has led to the design of an improved surface that 
greatly facilitates cleaning and at the same time reduces appre- 
ciably the fluid-flow paths 
in the field should help reduce the severity of the plugging prob- 
lem. 

Cleaning Methods. 


This surface which is now under test 


Having considered some of the means to re- 
duce deposit formation and corrosion, it is pertinent to discuss 
what may be done to remove the deposit after it has formed. The 
The 


effectiveness of the soot blower is dependent to some extent upon 


soot blower is the commonest device for removing deposits, 
the length of the flow passage. While for the average application 
a soot blower at the cold end is sufficient, special applications may 
require soot blowers at both hot and cold ends. The use of super- 
heated steam or compressed air has proved superior to saturated 
steam and is therefore strongly recommended. 

\ir heaters also can be cleaned by water-washing. In some 
installations the operators prefer to wash the heaters periodically 
In other cases, changes in the con- 
templated operating conditions, after the installation has been 


rather than use soot blowers. 


completed, such as low-grade fuels, low load, and low ambient 
conditions not anticipated, make it necessary to clean the heater 
by water-washing. 

Generally speaking, the need for water-washing of regenerative 
air preheaters is remote if the heaters are equipped with modern 
power-operated single or dual-nozzle cleaning devices using 
superheated steam or compressed air as the cleaning medium, 
There are installations where load conditions, type of fuels, 
or inadequate cold-end metal-temperature control results in 
deposit accumulation beyond the scope of the cleaning de- 
vices. Under these conditions, water-washing is used to remove 
the deposits. 

In any given installation, it may or may not be necessary to 
add some refinements to permit washing. When washing during 
outages, the preheater rotor often may be run at its normal speed. 
If, however, it is necessary to restrict the water to one side of the 
heater, the preheater rotor must be slowed to approximately '/¢ 
rpm. This may be done by a portable air motor attached to the 


back end of the main drive motor, When low rotor speed is used, 
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it usually will be advisable to control the travel of the washing 
nozzle to assure that all areas are washed. 

Water-washing may be carried out on either air or gas side, 
whichever is most convenient. Provisions for disposal of the 
wash water should be included in the duct system, When wash- 
ing during operation, the air side may be preferred when dust- 
collecting equipment is located beyond the air preheater 

Many sources of wash water, such as well water, river water, 
evaporated make-up, blowdown, feedwater, house water, and so 
Hot water (150 to 200 F) is greatly preferred to 
and hot alkaline water is better than untreated hot 


on, are used, 
cold water, 
water. 
operator to determine when the preheater has been thoroughly 


In addition, the use of alkaline water will help the 


washed by comparing the pH of the effluent with that of the wash 
water, 
lized to a pH of 11 and that washing continue until the effluent 
has a pH of at least 9. 

For vertical and inverted-type preheaters, the pressure re- 


In this respect it is recommended that the water be alka- 
Soft water should be used where possible 


quired for the wash water is that needed to deliver the desired 
rate of flow from the nozzle and is normally less than 50 psig. 
For horizontal preheaters, a higher velocity of the water jet: will 
be required, and normally a water pressure of 100 psig is de- 
sirable. The rate of water flow at the higher pressure required 
for horizontal preheaters can be controlled by the diameter of the 
washing nozzle or nipple on the cleaning device. 

A guide for the quality and quantity of water desirable for 
washing will be found in Fig. 13. 


FLOW RATE OF WASHING WATER-GPM 
vs 


DEPTH OF HEATING ELEMENTS- INCHES 


WASH WATER-GPM 


INCHES 


4 50 60 
TOTAL DEPTH OF HEATING ELEMENTS 


Fic. 13°) Frow Rate or Wasnina Water tn Gattons Per Minute 


Versus Derrn or Heating Evement tn INCHES 


These recommendations are offered since, if water-washing is 
performed improperly, the water-soluble constituents are leached 
from the deposit without disturbing the insoluble constituents; 
thus over a period of time, an insoluble deposit is accumulated. 

Where several heaters serve one boiler, it is possible to wash the 
heater under light load over week ends. In this case, the boiler 
output is reduced to approximately 50 to 60 per cent of full load 
and the heater isolated by dampers. 

Alkalization of Heating Surface. Alkalization of heating surface 
has been under consideration for some time. The success of this 
method will depend upon finding a suitable material which will not 
react with the sulphur compound to form a more obnoxious com- 
pound than that now experienced 
received where this 
cessfully, while others report negative results 
the 


an acceptable method will be evolved 


Reports of some installations 


have been method has been used suc- 


In any event, 


work being done by authors’ company and others is 


continuing and possibly 
in the near future, 
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reducing corrosion and 


Fuel Additives. 
plugging of air heaters by additives to the fuel shows promise ac- 


The possibility of 


cording to the recent announcement of one of the boiler com- 
This company had developed a process of adding 
While the initial objective 
was to reduce high-temperature deposits, it has been found that 
the additives appreciably lower the dew point of the gases. If 
future results continue to show promise, a relatively simple and 


panies 
alumina or dolomite to the fuel oil. 


low-cost solution to the problem will be available for oil fuel. 

Owing to the uncertainty of the economic availability of good 
fuels, the power-plant designer is in a precarious position in his 
efforts to satisfy the economic demand for lower fuel rates and at 
the same time provide maximum availability. The authors would 
like to suggest that under these circumstances the designer con- 
sider the following: 


1 Select the air heater in accordance with the limits suggested 
in Fig. 4 for the fuel most likely to be used. 

2 Provide metal-temperature control with sufficient range to 
permit the proper metal temperature to be obtained when burning 
the poorest fuel likely to be considered. In addition, the metal- 
temperature control also should have sufficient range to provide 
adequate protection for low-load operation at low ambient tem- 
peratures, 

Should the range of fuels selected make the foregoing imprac- 
ticable, the other alternative is to seleet the air heater based upon 
the best fuel and provide for removal of a layer of the heating 
element in the event that a poor fuel is selected. 

3 Select as high a combustion-air temperature as is practica- 
ble. 

1 Provide sufficient range in metal-temperature control to 
avoid falling below the recommended temperatures for any load 
or ambient condition. Automatic controls definitely should be 
considered, 

5 Soeot-blowing should be provided using superheated steam 
or dry compressed air, Provisions for washing the heater also 
should be considered. 


On the other hand, if the fuel quality is definitely known and 
not likely to change radically during the life of the plant, it is 
possible to simplify the installation greatly and disregard many 


of the protective devices 
CONCLUSION 


The authors hope that these comments may be of some as- 
sistance to plant designers and operators. They would like to 
assure them that, in so far as the air-heater design is concerned, 
every effort is being expended to improve the situation by con- 
tinued research and design development. In this respect it might 
be mentioned that the results of a joint project. between: the 
authors’ company and the United States Bureau of Mines should 
be available in published form in the near future. This report 
will deal with low-temperature flue-gas corrosion and deposits, 
It will include the results of field and laboratory testing on the 
suitability of a large number of materials. This will summarize 
investigations that have been in process over a period of nearly 8 


years. 
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Discussion 
J. F. Barkuey.* The authors mention co-operative work of 
The Air Preheater Corporation and the Bureau of Mines, on cor- 
The first re- 
port of this work is now about complete, but the printing will re- 


rosion and deposits in regenerative air preheaters, 
quire some months. Relative corrosion rates of some 65 different 
tvpes of materials were determined, with some rather surprising 
Studies were made of the different types of deposits 
From traces to substantial 


results, 
accumulating on different materials. 
amounts of more than 30 elements were found as constituents of 
the deposits, including such elements as lithium, gallium, ger- 
manium, and thallium, All of the deposits had three predominant 
characteristies partial solubility in water. presence of sulphates, 
and acidity. 

In the build-up or accumulation of deposits on an air-pre- 
heater plate, both physical and chemical actions were found to be 
involved. A heterogeneous mass of gases and entrained solids 
sweeps past the plate, the gases including COs, Oo, No, H2O vapor, 
SOs, and a little SOs. The solids, frora submicron up to relatively 
large size, of many shapes, forms, and specific gravities, hard and 
soft, include a great variety of chemical formations of elements 
from the fuel and the air. The compounds formed include sili- 
cates, oxides, and sulphates; there is often carbon as smoke or 

4Chief, Fuels Utilization Branch, Bureau of Mines, U. 
ment of the Interior, Washington, D.C. Fellow ASME. 
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soot. The ordinary proximate analysis of this dust or “fly ash” 


will generally show some combustible material. A complete 
analysis usually will show carbon, hydrogen, nitrogen, silica, 
aluminum, iron, calcium, magnesium, sodium, potassium, sulphur, 
and traces or more of a great number of other elements. Analyses 
of the dust will vary with the fuel used, as well as with the general 
burning conditions involved in its creation. As the solids sweep 


past the plate, there is a sandblasting effect by some of the 


particles, particularly of the harder and larger sizes. This hastens . 


removal of any iron oxide from a new plate, thus exposing the 
metal. 
held on the surface of the plate owing to its lack of perfect smooth- 


The smallest particles in the gases get enmeshed and are 


More particles bump, scour, and get trapped, with a vary- 
As the air pre- 


hess 
ing net result as to thickness of deposit formed. 
heater revolves, the plate is then swept with air carrying some 
water vapor, 

Along with these physical happenings, there is continuous and 
important chemical activity. It is this chemical activity that 
causes the deposits to be much thicker near the colder areas of the 
plate than near the hotter, Chemical activity ordinarily is con- 
ceived and explained as action that shows immediate or relatively 
quick results, particularly under optimum conditions. In the case 
of the chemical activity under consideration, however, optimum 
conditions, or conditions ordinarily considered to be required, do 
not necessarily exist. Instead, long-time periods, as weeks and 
months, and relatively enormous quantities of materials are in- 
volved. In the flowing stream of gases and dust the molecules 
of SOs, and gases collide with, adhere to, become 
enmeshed in, and are bumped away from the solid particles 
which include soot, a particularly good absorbent-—the heater 
plate, and themselves. Under optimum temperature conditions, 
below the boiling point of water, simple chemistry shows that 
such substances form sulphuric acid, HLSO,, a stable end point 
of the reactions occurring. If a metal such as iron is added to 
this system, iron sulphate becomes essentially a stable end point. 

Under our present conception of the nature of matter, chemical 
reactions ending with sulphates are considered to be in process to 
some extent in the mass of gases and dusts at temperatures well 
above the “dew point” of the gases. As the temperature drops 
toward the dew point the extent of the reactions increases 
siderable iron and small amounts of other metals are supplied by 


Con- 


coal 
iron but also a resting place or trap for a build-up of deposits in 
the path of great quantities of gases and dusts for long periods of 
time, really great multiplying factors. 

We find, then, a deposit having some dust material, such as 
silicates, oxides, and soot, and also sulphates of various metals 


The ordinary air-preheater plate not only supplies more 


The water solutions of nearly all of these sulphates are acidic 
The over-all net result is an acid attack on the plate that eventu- 
ally will destroy it, if it will react at all with sulphuric acid 
Choice of plate material ranging from material that readily 
reacts with acid to one of the nonmetallic type, such as certain 
ceramic or glasslike materials that are not measurably affected, is 
an economic problem involving initial and maintenance costs. 


This is an extremely interesting and informa- 
tive paper and the authors are to be congratulated for their many 
constructive ideas. Particularly, the writer favors the engineer- 
ing approach that we have to face continuous decrease of fuel 
quality, and that we should think of methods to live with it. 

The statement that the effect of air preheating on combustion 
has “not always been placed in the proper perspective,’’ should be 
underlined. That is certainly true for the problem of SO, forma- 
tion. Also, more emphasis should be placed on proper methods of 


®* Consultant, Battelle Memorial Institute, Columbus, Ohio. Mem 
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operation at low rates and of starting cold boilers. Methods of 
warming up preheaters before starting the furnace would be | 
highly gratifving. 

In the discussion of deposits and the formation of these “sticky — 
films,”’ the question arises what comes first, the deposition and 
bondage of solids to the surface or a deposition of a film of con- 
densing moisture? The writer is inclined to believe that perhaps 
a very thin laver of solids comes first, a precipitation of moisture 
next and, if this happens, a more rapid build-up of deposits rb- 
sulting in clogging and corrosion may occur. The initial stage is — 
similar to the soiling of cold surfaces in ordinary air by thermo- 
diffusion, but it is harmless as long as moisture does not come into 
play. 

With respect to the thermodynamics of SO, formation, it is 
perhaps more impressive to show the result in a graph® rather 


than in an equation, Fig. 14 of this discussion, We are particu 
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larly interested in the bottom zone of these curves which indicates 
that the danger is highest at low temperatures and high excess 
In 


addition, as has been stated, the presence of soot is quite detri- 


oxygen, and naturally at high sulphur content of the fuel. 
mental. All this, however, represents the conditions which we 
find in starting a cold boiler furnace. The raising of the dew point 
by soot is little relief because the SO, is not taken out of the svs- 
tem but only shifted from one place to another, making the de- 
posits more corrosive. 

A variety of possibilities have been shown by the authors how 
we can operate an air preheater safely even if we approach the 
danger zone. In connection with stoker-fired boilers, the writer 
would emphasize the advantage of resorting to flue-gas recireula- 
tion. With o9il-fired boilers, especially if it comes to the use of 
low-grade of high-sulphur vanadium-bearing fuel oils, it is be- 
lieved that the Combiflow is definitely promising 

As an alternative solution a modification of the Combiflow is 
suggested which may be termed a “two-preheater Combiflow.” 

®“Kurzes Handbuch der Brennstoff- und Feuerungstechnik,”’ by 


W. Gumz, second edition, Berlin-Géttingen-Heidelberg, Springer- 
Verlag, 1952, p. 283 
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hig. 15 of this discussion shows the principle schematically with 
gas and air temperatures as a sample of the possible layout. It 
is essentially an arrangement of one preheater in countercurrent 
flow and a second one in parallel flow. By rough calculation, it 
METAL TEMPERATURE 264 F 

» 

te * 248F 
a9 2 


| 
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has been found that with 4 F air-inlet temperature to select 


very rough conditions and 650 F hot-air temperature, an inter- 
mediate temperature of about 250 F would be most suitable. 
With this layout we are able to cool the flue gases to 300 F 
without falling below a metal temperature of 248 F in any part of 
the installation. This solution encourages us to investigate the 
possibilities of pushing the gas exit temperatures even farther 
down, as has been the general trend throughout recent vears 
The result is shown in Table 4 of this discussion. 


RESULTS OF LOWERING GAS EXIT TEMPERATURE 


Relative 
surface 
required” 


PABLE 4 


Min metal 
temp, deg F 


Cas exit 
temp, deg | Fuels 


U nsafe for all fuels 


blow pattern 
Countercurrent 400 40 1 
‘Two-preheater 

Combitiow 300 24! 
‘Two-preheater 

Combiflow 2st 
‘Two-preheater 

Combitlow 266 1.5 
‘Two-preheater 

Combifiow 


Fuel oil, 4% 8 
Fuel oil, 3°, 8 
Fuel oil, 2% 8 


Fuel oil, 2°, 8 
no 
‘Two- preheater 
Combiflow 230 185 
‘Two-preheater 21: 167 
Combiflow 


Midwest puly coal 
Eastern .puly coal 


4 As compared to countercurrent heat exchange. 


With a good fuel oil, for example, one with no more than 2 per 
cent sulphur and no or little vanadium content, we could go as far 
down as 250 F gas exit temperature with a lowest metal tempera- 
ture of about 200 F; and with a fuel oil of lower grade, up to 5 
per cent sulphur and with vanadium-bearing ash we still could 
reach the 300 F mark safely and not fall below 248 F metal tem- 
perature, Such temperatures as listed in Table 4 are still justified 
economically in most cases, depending upon the load factor, if 
they can be reached without causing operating trouble, 

The authors briefly mention a new type of heating-surface de- 
sign which requires smaller surfaces, lower weights, and hence 
shorter gas and air passages. With such a heating surtace, it 
should be easy to furnish the required larger surfaces to increase 
boiler efficiencies with no sacrifice to safe operation and to con- 
tinuous boiler availability. The writer believes that the power 
industry is waiting for such improvements at this time where 


building activity is at a peak. 
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5. 1. Junasz.? This paper is a valuable contribution to the 
literature dealing with flue-gas deposits and corrosion in the low- 
It treats the problem with emphasis on the 
metal temperature at the cold end. 


temperature zone. 


As is well known, neither deposit nor corrosion occurs if the 
following condition prevails in the air preheater 

AT = T,, 

T,, =coldest metal temperature at flue-gas exit side 

7 4=dew point of flue gas at point where it is in contact with 

metal surface 


where 


AT =temperature difference defined by foregoing equation 


This equation suggests the importance of a lowered acid dew 
point or lowered SO, content to insure a positive value of AT. 

According to Harlow, SO, is formed from SO. on the surface of 
the superheater and the rate of formation is high if the following 
conditions exist simultaneously : 


(a) If the flue gas has a high SO, concentration. 

(b) If temperature of the surface metal of the superheater is high. 

(c) If the surface has lost its “immunity” because of having 
changed to FeoOs, which acts as a catalyst 


As pointed out by the writer at the 1950 International Air Pre- 
heater Conference,® the requirement that these three conditions 
must prevail simultaneously can be used to eliminate SO; forma- 
tion on the superheater. Let us suppose that a steam boiler has to 
use as basic fuel a high-sulphur residual fuel oil and that the 
steam temperature is high. In this case the boiler can be designed 
with two superheaters. The primary superheater is placed in the 
steam generator and is fired with the high-sulphur residual fuel 
oil, and the secondary superheating is carried out in a separate 
superheater which is fired with fuel oil or gas containing little 
sulphur, As the order of magnitude of heat added to the second- 
ary furnace is less than about 10 per cent, the price of the 
additional fuel is of minor importance. 

The dew point can vary considerably and the laws governing 
Because of its critical nature 
it. is the view of the writer that it should be measured in all large 


its variation are not exactly known 
boilers. An electric, manual, dew-point meter based upon the 
principle of H. F. Johnstone* and later improved at the British 
Coal Utilization found 
satisfactory for the purpose. 

The authors show an excellent way to measure the surface 
metal temperature in a Ljungstrém air preheater. It 
seem that this method of measurement is at a stage where it could 
be used not only for pilot plant but also for commercial use. 


Research Association'® has been 


would 


The authors indicate the various methods that can be used for 
raising the metal temperature at the flue-gas exit and including 
the Combiflow method. 
the evolution of the Combiflow idea, 


It might be of interest to describe briefly 


Let us consider an ordinary air preheater working with counter- 
flow, in which the air and flue-gas entrance temperatures and 
flow rates are fixed. No restriction is made as to whether the pre- 
heater is of the recuperative or Ljungstrém type. 

As is well known, counterflow gives the highest heat recovery or 


7 fuels Research Laboratory, Massachusetts Institute of Technol- 
ogy, Cambridge, Mass. Mem ASME. 

5“Flue Gas Troubles and Their Remedies,"’ by 8. I. Juhasz, Inter- 
national Air Preheater Conference, Stockholm, Sweden, 1950. 

**An Electrical Dew Point Method for the Determination of the 
Dew Point of Flue Gases,”” by H. F. Johnstone, University of Illinois 
Bulletin 27, 1929. 

“Developments in the BCURA Dew Point Meter,”” by P. F. 
Corbett, D. Flint, and R. F. Littlejohn, Journal of the Institute of 
Fuel, vol. 25, November, 1952, 245-252. 
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temperature efficiency but it also results in a low metal surface 
temperature at the cold end. If the flow is changed from counter- 
flow to parallel flow without altering any other conditions, Fig. 16, 
herewith, the metal surface temperature at the cold end will be 
increased but also the exit flue-gas temperature, with the result 
If low metal 
temperature is considered as a cause of “metal consumption” the 


that the efficiency of the steam generator is reduced. 


foregoing conclusion also can be stated in the following way: 
Counterflow gives low fuel consumption but high metal con- 
sumption and parallel flow gives no metal consumption but 
high fuel consumption. However, parallel flow increases the 
metal temperature to a value higher than is necessary, for which 
we have to pay with high fuel consumption. 

This led to the idea that a compromise between parallel and 
counterflow should be adopted. The design of the Ljungstrém 
air preheater is favorable from the point of view of such a com- 
For Combiflow the Ljungstrém is divided into three 
sections instead of the usual two. Through the first section passes 
the flue gas, through the second the counterflow air, and through 


promise, 


TEMPERATURE 


SURFACE 


— 
SURFACE SURFACE 
COUNTER FLOW 
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Flow, 


PARALLEL FLOW COMBIFLOW 


CURVES FOR CoOUNTERFLOW, 
AND (OMBIFLOW 


PARALLEL 


Lut Atk 


(Swedish Patent.) 


Move. of 


the third the parallel flow air 
analytically are shown in Fig. 16 
temperatures for Combiflow lie between the respective values for 
A picture of the Combiflow model is 
shown in Fig. 17 of this discussion 


The temperature curves derived 
It can be seen that all the 


parallel and counterflow 


The metal temperature can be increased in different ways, but 
irrespective of which method is used the net boiler output is de- 
creased. The paper shows in Fig. 11 the “relative reduction of 
net boiler output” as a function of increase in metal temperature 
In the range of 0-60 F “metal temperature increase’ the Combi- 
flow and hot-air recirculation are about equal and give rise to the 
smallest reduction in net boiler output. Above 60 F Combiflow 
gives the lowest relative reduction of net boiler output. Owing 
to this characteristic of Combiflow the latter could be used for in- 
suring that the A7’ remain positive in a case in which it might 
have been negative either owing to high dew point or low metal 
temperature, 

The writer wishes to congratulate the authors for their interest- 
ing paper. 

Paut Kocn."!) The authors have performed a real service to 
both designers and operators in bringing out and discussing the 
pertinent points concerning the difficult: problems of preheater 
fouling and corrosion. 

The mechanisms behind this corrosion and fouling certainly are 
complicated and not very conclusive. The discussion on the ef- 
feet of carbon in the fly ash and flue gases on corrosion and fouling 
is of interest and we are wondering how important a factor it is 
We know that spreader-stoker units have higher percentages of 
carbon in the fly ash and less trouble with corrosion and fouling 
than underfeed-stoker units firing the same fuel. However, re- 
gardless of the effect on preheater corrosion and fouling, it is 
always important to have good combustion with a minimum of 
carbon in the fly ash in order to have the highest efficiency and 
lowest fuel cost. 

Fouling and corrosion have been considerably reduced on 
several oil-fired units by adding dolomite to the fuel oil in the pro- 
portion of approximately one part of dolomite to one part ash. 
Since the percentage of ash in the fuel oil is small, the cost of the 
jolomite is 
the fuel cost. Experience with additives, however, is quite limited 
at this time, but there is every indication that they may be of 
considerable help in solving our fouling and corrosion problems 


relatively low, in the order of '/,¢ of 1 per cent of 


Since corrosion and fouling depend on metal temperatures, the 
determination of the minimum metal temperature becomes im- 
portant. On the regenerative heater the metal temperature is de- 
termined by averaging the cold-end air and gas temperatures. It 
is reassuring to note that the test data obtained by The Detroit 
Edison Company show the actual metal temperature a good 20 
deg F higher than the average, 

With reference to Fig. 8 of the paper, it is very difficult to com- 
pare metal temperatures of a regenerative and recuperative or 
tubular heater. It is true that 
operation today having minimum metal temperatures far below 
How- 
ever, because of the corrosion and fouling problems encountered 
today, particular attention is given to the design of the tubular 
heaters to obtain high metal terrperatures. This is done by in- 
creasing the gas-mass flow, reducing the air-mass flow at the air 


many tubular heaters are in 


the average of the air entering and gas leaving the heater 


entrance to the heater and arranging the air ducts to the heater 
to obtain the desired air distribution entering the heater, adding 
directional vanes and distributors when necessary. It is prefera- 
ble, of course, to have the lowest air-mass flow at the cold end 
of the tubes 


The limiting metal temperatures given in Pig. 4 and Table 1 
1! The Babeock & Wileox Company, New York, N. Y _ 
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TABLE 5 


AL DEW POINTS WHEN FIRING REFINERY GAS AND ACID FUELS 


JULY, 1953 


JUNE, 1950 


ALL REFINERY GAS ON BOILER 


Btu 
per cu ft 
920 
930 
1000 
1100 
1098 


Grains 
per cu ft Deg F 


98 


Density 
0.85 
0. 878 
875 
0. 86 
0.875 


Time 


Time 8:5 


Natural gas, 


burners per cent 
10 37.0 

10 36.7 

10 

10 52.8 

10 51.0 


of the paper are in fair agreement with our limiting temperatures 
for tubular air heaters, There is some evidence that the minimum 
metal temperature should be higher for some of the fuel oils, par- 
ticularly with high vanadium content. 

We are in agreement with the authors’ suggestions and recom- 
mendations of selecting the air heaters and means of metal tem- 
perature control for the expected fuel and load range so as to sat- 
isfy the safe minimum metal temperature, providing superheated 
steam or dry compressed-air soot blowers, considering water wash- 
ing, and using Cor-Ten when excessive steel corrosion is expected, 

R. J. Ronerrson™ anp W. B. Gurney.'® The authors are to 
be commended for their thorough presentation of the air pre- 
heater, its problems, and solutions to these problems 

Table 5 of this discussion shows the marked increase in ‘‘sul- 
phuric-acid dew point” of soot-bearing or unclean flue gases that 
has been experienced because of improper combustion conditions 
in the furnace, To eliminate this soot requires more excess air in 
the furnace; but more excess air increases the SOQ;/SO. ratio 
Higher air temperature to the furnace increases the furnace tem- 
perature and thus in turn allows less excess air, better combustion 
conditions without soot, and lower SO;/SOz, ratios. 

Higher air temperatures to the furnace are surprisingly effective 
in protecting air preheaters where high-moisture and/or high- 
sulphur fuels are burned. We have found no measurable increase 
in SO, over that found at the inlet to the superheater. 

Analyses of the ash of the fuel burned is very informative. Our 
acid fuel contains 8 per cent sulphur and approximately | per cent 
ash of which 80 per cent isiron. Refinery gas, on the other hand, 
contains less than 0.5 per cent sulphur from hydrogen sulphide 
and practically no ash. Although the dew point of the acid fuel is 
considerably higher than that of the refinery gas, its corrosive 
action on preheater plates is less severe. The ferrous-sulphate 
film formed on the preheater plate of the acid-fuel-fired boilers 
acts as a protective film and, although it is hard to scrape off, it 
is easily washed off, especially if the surface is precoated with 
lime, On the other hand, the plates of the preheater fired with re- 
finery gas became coated with a form of ferrie oxide which is ex- 
tremely difficult to remove except by sandblasting or with high- 
pressure high-temperature water jets. Precoating the surfaces 
with lime practically eliminates this corrosion, 

Laboratory studies on iron in 70 per cent sulphuric acid at 250 F 
disclosed that the rate of corrosion of the iron is enormously re- 
duced (in the order of 100/1) if ferrous sulphate or preheater de- 
posit is present. 

12 Superintendent, Louisiana Station, Gulf States Utilities Com- 


pany, Baton Rouge, La. Mem. ASME. 
4 Gulf States Utilities Company. 


H28O0, found, by vol. wet, 
per cent 
220 
100 
130 
160 
150 
530 
130 
720 
210 


Dew point, 
deg F Flue gas 
Clean 
Clean 
Clean 
Clean 
Clean 

Not clean 
Clean 

Not clean 
Clean 


00066 
00028 
00038 
00048 
00043 
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H.SO, 
found, 


ppm 


Dew point, 
! Flue gas 
Not clean 
Clean 
Not clean 
Not clean 
Clean 


Washing preheaters under load resulted in rapid corrosion of 
the plates due to the hot dilute-acid attack of the steel. Minimum 
corrosion is experienced when the preheater plates are cold and 
washed with voluminous amounts of cold water followed by coat- 
ing the metal with dilute lime solution, Lime is preferred because 
the inert film of calcium sulphate is formed whereas if soda ash or 
caustic is used, the corrosive film of sodium hydrogen sulphate re- 
sults. 

Not until we were able to determine the sulphuric-acid dew 
point of the flue gases accurately were we able to get some idea 
as to what was taking place, what protection was needed, and the 
effect of firing conditions. ar 


AuTHorRs’ CLOSURE 


Mr. Barkley’s comments are pertinent and constitute a valua- 
ble addition to the paper. The publication of the report cover- 
ing the co-operative work of the Air Preheater Corporation and 
the U. 8. Bureau of Mines will furnish additional valuable in- 
formation on the subject of materials most suitable for low- 
temperature corrosion applications and the nature and formation 
of deposits on low-temperature heat-exchanger surface in the 
power-plant field. 

We are indebted to Dr. Gumz for his kind words as well as his 
simplified presentation on the formation of SO; at various tem- 
peratures. The suggestion made by Dr. Gumz of combining a 
parallel flow with a counterflow heat exchanger has considerable 
merit and should be investigated further as to its practical pos- 
sibilities. 

The importance of dew point as brought out by Dr. Juhasz un- 
doubtedly cannot be fully emphasized and we commend him for 
his unique solution to the problem of raising the metal tempers- 
ture at the cold end of a heat exchanger. This suggestion we 
feel is worthy of further investigation in order to determine its 
practical adaptability to the power plant of today. 

The use of Dolomite additives to the fuel in oil-fired units, as 
reported by Mr. Koch, is interesting and seems a practical ap- 
proach to the problem and we hope further experience with this 
will prove equally encouraging as the results thus far obtained and 
reported. 

The suggestion by Messrs. Robertson and Gurney that high 
temperature of the combustion air be utilized to reduce air- 
heater problems is pertinent and the authors are in complete 
agreement with them on this. The information they have pre- 
sented concerning the protection obtained by ferrous-sulphate 
films as compared to ferric-oxide is much appreciated. 

The authors appreciate the contributions by all who com- 
mented on our paper; these have enhanced its value as a refer- 


ence in this field. | 
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By FE. F. ROTHEMICH! ann G. PARMAKIAN,? WORCESTER, MASS. 


This paper discusses the occurrence of air-heater de- 
posits, their effect on performance, maintenance, and de- 


sign. Actual operating experiences and a survey of a large GAS INLET 


number of installed tubular air heaters are given to show 
the extent of the air-heater problems being encountered 
by steam-generating units fired with pulverized coal, 


stoker, natural gas, and oil. Suggestions are offered as to 
methods for minimizing these difficulties by design and : > 4 


operation. HOT AIR 


changes in refinery methods and in source of crude oil, was felt to 


= 
INTRODE CTION 
be the main cause for the increase in air-heater difficulties. —In- 


N investigation of the problems being experienced with 
troduction of outdoor installations with low ambient-air tem- 
peratures also has imposed severe operating conditions which COLD AIR 
have resulted in increased plugging and corrosion. PLENUM i i 


A survey of a large number of tubular air-heater installations 


tubular air heaters was prompted by an increase in the 
number of reports of plugging and corrosion of air-heater 
tubes. High sulphur content in residual fuel oils, as a result of 


BOILER SIDE 


was made and the data analyzed. The results are discussed in 
this paper. It is surprising to note that a large percentage of 
coal-fired installations had experienced difficulty with plugging 
and corrosion. A maintenance problem on air heaters of steam- 
generating units fired by natural gas is also worthy of considera- 
tion. Tyeroar Desian 


GAS OUTLET 


OCCURRENCE OF Deposits IN CORROSION 


The chemistry of the formation of deposits in the cold end of 
heaters when burning fuels containing sulphur has been studied 
and discussed by various investigators.“ Stated very simply, 


° 


sulphur dioxide formed in normal combustion of sulphur is oxi- 


AIR 
ENTRANCE 
91 F. 


dized to sulphur trioxide at the proper temperature for the change 


° 


in the presence of a catalyst such as iron oxide which occurs on 


OA 


boiler and superheater tubes. The presence of sulphur trioxide 
in the products of combustion elevates the dew point of the gases, 
Water vapor condenses and forms an acid with the sulphur tri- 
oxide and the corrosion of the tube results in iron sulphate. This 
deposit accelerates the corrosion process by elevating the dew 


point further. Corrosion and plugging seldom oecur during the 

first vear or so of operation, and it often takes 5 to 6 years before o ee 10000 ae 

corrosion of tubes progresses far enough to require replacements. 
Arrangement of heating surfaces of tubular heaters may vary ‘29 \ 131 

j a single air : 48 Puss iple passes sither or 

from a single air and gas pass to multiple passes on either or both © PLUGGED TUBES 
CLEAN TUBES 


! Assistant Chief Service Engineer, Riley Stoker Corporation 
Mem. ASME. 

2? Mechanical Engineer, Riley Stoker Corporation. Mem. ASME hie, 20 Temperature CoNpirions 

“The Corrosion of Power Plant Equipment by Flue Gases,"’ Uni- 
versity of Illinois Bulletin No. 228, vol. 28, no. 41, June 9, 1941. 

**Causes of Flue-Gas Deposits and Corrosion in Modern Boiler 
Plants,”’ by W. F. Harlow, Proceedings of The Institution of Mechani- transfer. Fig. | shows a conventional heater design arranged 
cal Engineers, London, England, vol. 160, 1949, pp. 359-368. for counterflow of gas and air with one gas and one air pass, 

Contributed by the Fuels, Power, and Machine Design Divisions 
and the Re earch Committee on Low Temperature Flue Gas Corro- ss 
sion and Deposits and presented at the Annual Meeting, New York, by the use of large plenum chambers, Air ean enter or leave this 
N. Y., November 30-December 5, 1952, of Toe AMERICAN SocleTy design of heater from either or both sides. 
or MECHANICAL ENGINEERS. Fig. 2 shows the location of plugged tubes on one bundle of this 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
October 27, 1952. Paper No. 52— A-124. encountered, will be noted that the plugged tubes are at the 


air and gas sides with either basic counterflow or parallel-flow heat 


Uniform air distribution to and from the tube bundles is obtained 


heater in an installation where the fuel fired was oil with high 
sulphur content and where serious plugging and corrosion were 
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periphery of the tube bundle where the impact of lowest-tem- 
The plugging 
is more severe on the boiler side of the heater as a result of uneven 


perature air produces the greatest chilling effect. 


gas flow through the tubes. 

This pattern of corrosion has been observed on many heater 
designs, regardless of the type of fuel burned. In general, cor- 
rosion and plugging are isolated in the cold end of the heater 
tubes and seldom extend beyond the region of the cold-air plenum 
The results of the survey indicated that the rows of 
tubes which may plug and corrode may be the first row only but 


chamber, 
can extend as far back as the eighth row. The average corrosion 
penetration into the bundle was three rows, 

Fig. 2 has been marked to show the location of isothermal lines 
of gas temperature leaving the heater and metal temperature of 
The tube- 
metal temperature is the only true criterion of corrosion and for a 


individual tubes as measured by thermocouples 


particular tube it is determined by the cleanliness of tube wall 


temperature levels, and flow intensities on gas and air sides, 
These combined factors greatly influence the tube-metal tempera- 
ture of individual tubes in each row shown in Fig. 2.) Once a 
deposit has formed the value of these factors will change, resulting 
in a lower metal-temperature level and inerease | corrosion, 
Generally, it is considered that the tube-metal temperature is 
the arithmetic average of the air temperature entering the heater 
and the gas temperature leaving the heater. This would require 
a constant cleanliness factor of tubes and equal gas and air-film 
conductances, These conditions seldom are found in actual prac- 


tice as indicated by Fig. 3 which compares the actual measured 
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AVERAGE OF MEASURED AIR & GAS TEMPERATURES ‘F. 


Mevat Temperarure Variation as Measurep THermo- 


COUPLES 


bia. 3 


tube-metal temperature with the average of air tempera- 
ture entering and gas temperature leaving the heater, In 
some cases the actual measured tube-metal temperature was 
120 F below the mean of the air and gas temperature. The 
closest that this tube-metal temperature approached the mean 
Tests conducted with gas-temperature 
that a 


difference in mass flow of air and gas could account for an 80 deg 


temperature was 10 FP, 
measurement leaving the individual tubes indicated 
I’ difference in tube-metal temperature where the same mean of 
gas and air temperature existed. 

A number of curves have been plotted by various sources to 
indicate the safe metal temperature for various concentrations of 
sulphur in the fuel and for various types of fuels. Other curves 
include the effeet of the percentage of excess air. 
curves are based on the theoretical dew-point temperatures, but it 


Some of these 


JULY, 1953 


has been shown that very minute quantities of sulphur trioxide 
can produce wide variations in the dew-point temperatures. It 
has been reported that a change of 0.001 per cent in the concen- 
tration of sulphur trioxide is sufficient to change the dew-point of 
the flue gas by 40 F.5 


source of the corrosion process and because it is impossible to 


Because sulphur trioxide is the basic 


determine what proportion of sulphur in the fuel eventually will 
be transformed to sulphur trioxide, it is almmost impossible to pre- 
dict a safe value of tube-metal temperature for a given set of 
conditions, 

A practical method for establishing the safe temperature for 
any particular installation is to make a survey of the temperature 
of the surfaces under conditions of light loads and to compare 
these with the extent of the plugging and corrosion observed. 
Thermocouples should be attached to tubes which are known to 
be subject to fouling and corrosion and to other tubes which are 
known to be clean. The metal temperature of the clean tubes 
under this light-load condition will indicate a safe temperature 
level. Somewhere between this temperature and the tempera- 
ture of the tubes subject to plugging under the same conditions 
will be the minimum safe tube-metal temperature for this particu- 
It is 
then possible to take steps to maintain the coldest tubes above 


lar installation. This value must be arrived at by trial. 
this minimum safe tube-metal temperature so that further plug- 
ging and corrosion can be either reduced or eliminated. In 
general, it has been found that very little corrosion occurs at 
tube-metal temperatures above 200 F, and that corrosion is very 
rapid when the tube-metal temperature falls below 150 F, 
Air-heater deposits vary from soft soot to hard crystalline de- 
posits which completely plug a tube and form stalactites below 
the air-heater tube sheet. The deposits are very hygroscopic so 
that once the deposit is formed, absorption of acid is rapid and 
metal attack pyramids because of the increased insulating effect 
of the deposit. 
deposit analyses when reduced to iron and sulphur constituents. 


Table | shows that there is no great disparity in 


FABLE 1 


rYPICAL ANALYSES OF AIR-HEATER DEPOSITS 
REDUCED ‘UENTS 


PO TRON AND SULPHUR CONSTITUE 


Per cent? 
Ss 


~ 


Fuel fired 
Var 1 
onl 5 
Oni 5 
Coal 
Refinery- waste fuels 3: 212 
3 
Onl 3.6 
Onl 4 


Percentages are on weight basi« 


This indicates that the corrosion products formed can be con- 
sidered independent of the type of fuel fired. Fortunately, the 
deposits have high water solubilities and can be removed rather 
easily by hot-water flushing. In a great number of natural-gas- 
fired installations, corrosion occurs without the presence of de- 
posits. The sulphur content of this fuel is very low and corrosion 
occurs at metal-temperature levels found to be safe for oi] and 
coal-fired units. 

Various methods are available for maintaining a safe tube- 
metal temperature. These are the use of the cold-air by-pass 
around the heater, recirculation of hot air to the inlet of the 
forced-draft fan and steam-air heaters to preheat the air prior to 
its entrance to the heater. The limitations and advantages of 


these various arrangements have been discussed elsewhere.> 


Air-Heater Performance and Corrosion Problems,’ by 
P.H. Koch, contributed by the Applied Mechanics and Heat Transfer 
Divisions and presented at the Metropolitan Section Meeting, March 
21, 1951, New York, N. Y., of Toe AMERICAN SoctetTy oF MECHANI- 
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The survey indicated that the use of recirculated air is the most 
effective method for preventing corrosion and deposits 
Derosirs AND CorROSION ON MAINTENANCE 


OF 


Air heaters on a large number of oil-fired units were cleaned 
every 3 months, whereas the maximum period between cleaning 
of heaters for oil-fired boilers was | vear, and the average 5! 
months. Of the pulverized-coal-fired installations reporting in 
the survey, 20 per cent indicated that no cleaning of air heaters 
was necessary, 44 per cent reported that they cleaned once pet 
vear, and the average period between cleanings was 7!» months. 


The natural-gas-fired installations reported that tubes were 
cleaned vearly or required no cleaning whatsoever. 

The time required to clean air heaters varied from S manhours 
minimum to 160 man-hours maximum, depending upon the type 
Tur- 
bine cutters were a very popular method of cleaning, probably 


of deposits, method of cleaning, and the size of the heater 


because it was a familiar tool to the power-plant operators. 
However, it appeared that the best method for cleaning erystal- 
line-type deposits was by washing with hot water, and if the tube 
was plugged completely, to allow it to remain full of water for a 
period of time to soften the deposits. This washing should be 
followed as soon as possible by a drying operation, preferably by 
The ar- 
rangement of air heater, hoppers, ducts, and fans will determine 


returning the unit to service so that heat is applied, 


whether water-washing is possible. 

Some plants have reported cleaning heaters with solid material, 
One plant operating a 150,000-Ib per 
hr boiler, burning waste refinery fuels, uses 200 Ib of No. 5 sand- 


while units were in service. 
blast sand, onee per week, injected by compressed air into the 
flue-gas stream at the inlet to the tubes. The sand drops out of 
the gas stream into an ash hopper at the outlet end of the heater. 
This method of cleaning practically has eliminated plugging of 
heater tubes and has reduced the time of semiannual cleaning 
from 7 man-days to 2 Another plant operating a 
175,000-lb per hr boiler, burning bunker C fuel oil, has found that 
injection of 200 Ib of * 
side of the gas entrance to the heater practically has eliminated 
tube fouling. The crushed stone is collected in the dust collector 
and discarded because of its low price, $1.38 per ton. 


man-davs. 


sin. crushed rock once per week at either 


By starting 
with a clean heater and keeping it clean, corrosion and plugging 
usually can be prevented. 

Air-lancing of the air heater with the unit in service also was 
practiced at one installation fired by coal and appeared to be very 
The use of intermittent firmg by pulverized coal on 
installations that were designed for both coal and oil-firing was 
not found generally to be a suecessful method for cleaning de- 
posits laid down during oil-firing. 


effective. 


The most successful user of 
this method of cleaning operates the pulverizer | hr per day every 
day. Another plant reported that 2 weeks’ firing with pulverized 
Natu- 
rally, this type of cleaning will be most effective when the fly 


coal was required following oil-firing to clean the heater, 
ash 
passing through the heater is of a course nature. 

the 
heater washing proved « retardant to corrosion in some installa- 
Control of 
humidity of air had been tried, but without effect on the reduction 


Coating of air-heater tubes with a lime slurry following 
tions, but in others no improvement was noticed. 
of heater plugging or corrosion. Improvement of gas and air 
distribution to the heaters resulted in reduced plugging and eor- 
rosion, but did not effeet complete elimination of the difficulty. 

Fig. 4 indicates a method of repair for corroded air-heater tubes 
This 


method requires only the replacement of short ends of the tubes 


which has been very successful for a number of vears 
This not only has the 
advantage of requiring a small quantity of tubing, but the short 


in the cold-end section of the heater. 


TUBULAR 


ATR-HEATER PROBLEMS 


¢ ( 
GAS{INLET } 


AIR 


FERRULE 


OUTLET REPLACEABLE 


SECTION 


pieces used are convenient to handle and are readily imstalled. 
Replacement of the entire length of long air-heater tubes not only 
requires the removal of considerable air-heater CUSITE, but alse 
often requires serious alterations to the building unless suitable 
aecess is provided in the building roof or basement level. Since 
corrosion is concentrated in the cold end of the air heater, it: is 
logical that only the cold end would be replaced, As previously 
mentioned, plugging and corrosion oceur in a few outside rows of 
tubes in each bundle where the air first enters, making these 
tubes accessible for this type of repair It is possible to install 
heavier-gage tubing using this method of repair and this increases 
the life of the replacement parts. Of the plants participating in 
the survey, 66 per cent reported use of this type of repair with no 
criticism of the method. 

Another method of repair consisted of inserting a section of 
sinaller-diameter tube inside the corroded section of tubing and 
extending it through the corroded section to a section of sound 
tubing. the 


original tubes it becomes practically impossible to imsert the 


However, onee the deposits have occurred in 


amaller-diameter tubes. An emergency method used by some 
plants consists of eapping off the corroded tubes to permit a quick 
repair and early return to service. Some repairs also have been 
made by replacing the corroded ends of the tube with new sections 
of tubing welded to the original tube. This method has been 
used especially where failure of the tube occurred at a considerable 
distance above the cold-air box. The tube is cut and dropped 
into the cold-air box to a point where it is convenient to attach a 
new section by welding. The repaired tube is then set in place 
and rerolle |. Of all these methods, the use of short lengths of 
tubes and ferrules has proved to be the most effective, quickest, 


and the most economical. 


Tae occurrence of deposits on air-heater tubes reduces the heat 
transfer, resulting in higher exit-gas temperature and lower unit 
efficiency. Deposits increase the dratt loss through the heater 
and can get to the point where the capacity of the steam-generat- 
ing unit is limited by the draft loss through this heat-recovery 
equipment. In one spreader-stoker-fired installation, where the 
dust collector is installed ahead of the air heater, the plugging of 


air-heater tubes was so pronounce that it was necessary to steam- 
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lance the heater tubes daily to obtain satisfactory performance. 
A large number of oil-fired units have their availability limited by 
the period between heater cleanings. In some instances the dura- 
tion of the boiler outage is dependent upon the length of time re- 
quired to clean the heater, 

These effeets on performance are naturally variable, depending 
on load conditions, fuel, and operating procedures. However, 
their effects can be serious enough to justify substantial changes 
in equipment, method of operation, or fuel in order to improve 
performance and reduce maintenance, 


Facrons Atr-Hearer Design 


The design of any complex equipment is always 4 compromise. 
Although an air heater appears to be a relatively simple piece of 
heat-transfer equipment, it must be designed to handle the fuels 
available, cope with low entering-air temperatures, and meet the 


requirements of high unit efficieney and low auxiliary power, [tis 


virtually impossible to design an air heater to satisfy completely 
all of these requirements. Hlence the design of an air heater 
must be the joint responsibility of the equipment manufacturer, 
the consulting engineer, and the ultimate operator. Mach must 
understand the problems involved, and arrive at a compromise 
which results in the best arrangement possible. 

During the design stages, consideration should be given to the 
following methods for maintaining metal temperatures at the 
cold end of the 
known to cause corrosion: 


air heater above minimum values which are 
(a) Air by-passing; (6) air recircula- 
tion; (¢) steam-air heater; (d) yas by-passing; (e) two-seection 
air heater with short) cold-end tubes; (f) air-heater ferrules 


porallel-flow air heater; (h) counterflow/parallel-flow air 
heater; (7) using highest air temperature possible; (7) selecting 
corrosion-resistant materials, 

When the air by-passing method is used, a portion of the air 
from the foreed-draft fan is diverted around the heater and dis- 
charged into the hot-air duct. This reduces the air-side film 
conductance by reducing the mass flow entering the cold end of 
the heater, Since a portion of the air is by-passed, the gas tem- 
perature is raised as a result of reduction of heat recovery, and 
this along with the reduced film conductance on the air side re 
sults in higher tube-metal temperature, 

When air recirculation is used a portion of the hot air from the 
outlet of the air heater or the hot-air duct to the burners is re- 
turned to the inlet of the foreed-draft fan to raise the temperature 
of the air entering the heater The increase in metal tempera- 
ture is obtaimed by the arbitrary increase in air temperature enter- 
ing the heater, In general, this method of raising the tube-metal 
temperature will obtain the same effect as air by-passing with less 
loss in efficieney. Recirculation is very effective at light loads 
where there is sufficient fan capacity available for recireulation 
However, this 
limitations when it is necessary to recirculate at full load as may 


of considerable amounts of air. method has 


be the ease for outdoor installations. The added fan capacity 
required can increase the size of the fan and its drive appreciably 
above that required for normal capacity operation of the boiler 
The use of steam-air heaters ahead of the tubular heater over- 
comes this objection. A steam heater can result in a unit effi- 
ciency comparable with that obtained by air recirculation, de- 
pending on the source of steam supply, Some designs of steam 
heaters have a» comparatively low draft loss so that they do not 
increase the required fan power appreciably. This type of pro- 
tection to air heaters appears to be most ideally suited to the out- 
door installation in cold climates where air temperatures entering 
the air heater fall to low values in winter. 

Gas by-passing of heaters is usually resorted to only in the case 
of adverse fuels and where reduction in unit efficieney does not 
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result in any appreciable economic loss. It is necessary to iso- 
late an air heater completely from gas flow with the by-pass in 
use; otherwise the stagnant gas in the heater tubes will be cooled 
by air passing over the heater and will result in rapid corrosion. 
Since it is difficult to isolate the gas side of an air heater com- 
pletely from some gas flow this tvpe of by-pass is not a preferred 
method for control of corrosion. 

Although «a two-section air heater is a more costly arrangement 
and requires more space and fan power, it is a popular method. 
This arrangement permits easy repair of corroded tubes which by 
design are consigned only to the short cold-end section of the 
heater. In like manner, the initial installation of short sections 
of tubes using air-heater ferrules is another method permitting 
easy maintenance of the heater 

Although a parallel-flow heater requires more heating surface 
for a given heat-transfer duty as compared to a counterflow 
heater, this compromise results in a higher tube-metal tempera- 
ture and hence less corrosion and plugging. Often the serious- 
ness of the corrosion and space considerations may justify the 
use of the less efficient parallel-flow heater. It is possible to 
provide a heater, combining counterflow and parallel-flow sections 
with proper ducts and dampers to obtain full counterflow at high 
loads and partial parallel flow at low loads to obtain the advan- 
Such an 
arrangment, however, is rarely possible and is quite costly. 


tages of parallel flow at the cold end of an air heater. 


Use of hot air from the top of the boiler room, air from air- 
cooled walls, air from duets adjacent to boiler settings or flue-gas 
ducts are other methods for raising tube-metal temperatures by 
increasing the air temperature entering the cold end of a heater, 

Air heaters normally are constructed of low-carbon-steel tub- 
ing. Other materials have been tested in an attempt to find 
material that will better withstand the corrosion action in air- 
heater tubing. Table 2 shows the results of a comparison of 
seven different materials tried in one heater that was experiencing 
This was an oil-fired unit: burning 
oil with 4°/, to 5'/y per cent sulphur. 


severe corrosion difficulties 
It was disappointing to 
find that none of the so-called corrosion-resistant materials was 
any better, or, in faet, as resistant as the normal low-carbon-steel 
tubing now used. Some resinous coatings have been tested with 
no apparent imerease in corrosion resistance over bare tubes. 

Fig. 5 shows an ordinary steel tube and an aluminum tube 
which had been placed in the breeching of a boiler for a period of 
1 vears. The metal temperatures averaged 150 F. Eastern 
bituminous coal with L per cent or less sulphur was burned on a 
single-retort underfeed stoker. As ean be seen, the aluminum 
tube is a complete failure, whereas the ordinary low-carbon-steel 
tube has lost only half of its wall thickness. Experience with 
aluminum tubes on a pulverized-coal-fired installation burning 
low-volatile eastern bituminous coal with 2 to 2'/: per eent sul- 
phur was similar and this installation returned to the use of stee! 
tubes. The use of aluminum tubes was a complete failure in a 
refinery plant burning waste fuels. 

A research program has been under way for over a year using 
glass tubing. Special designs have been worked out for sealing 
the ends of the glass tubes in normal steel air-heater tube sheets. 
No corrosion has occurred and the glass tubes have successfully 
withstood the abuses of vibration, expansion, and handling. 
Corrosion-resistant glass tubes can be located strategically in the 
critieal outer rows of tube bundles and at the air entrance to 
heaters to prevent corrosion in these areas. Tests of this ma- 
terial and other metals and coatings are continuing. 

Air-heater arrangements should be given careful consideration 
in regard to uniform air and gas distribution. 
limitations make this a most difficult problem and may require 
Wherever 


Practical space 


the use of spreader, turning, and deflecting vanes. 
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ROTHEMICH, PARMAKIAN -TUBULAR AIR-HEATER PROBLEMS 


TABLE 2 TUBE MATERIALS INSTALLED AT COLD END NEAREST 


SULPHUR 


AIR INLET OF BOILER FIRED WITH 45 TO 54 


0 per cent 


Date 
inspected 


11 


Date 
Material installed 


18 S&S stainless steel 8 5/48 


Brass 
B&W Croloy no. 
B&W Croloy no. 5 > 3 
Aleoa 38-H14 2/3 
Aleoa 61S-T6 2/3 
Aleoa Alelad inside 38-1114 2/3 


ANALYSIS OF 


IS Stainle Croloy 
Zim 

Iron 

Carbon 0 OS tax 
Manganese 2 Omax 
Sulphur ore 0 03 max 
Phosphorus a 0 O03 max 0 03 max 
Silicon 0 5-1 00 
Chromium Is 2 11 00 
Nickel 
Molybdenum 

Copper 

Magnesium 

Pitanium 

Aluminum 


0 15 max 
30 0 60 max 


045 065 5 


0 03 max 


80 per cent 
of full load 
Metal (ins 
temp temp 
deg F deg 
130 380 


Reported condition 
Corroded at rolled end BW 
Complete failure 
Very little corrosion" 

Badly plugged = still in service 
No corrosion® 

Tubes plugged 

Slight corrosion® 

Partially plugged 
Complete failure 

Complete failure 

Shght corrosion” 

Partially plugged 


170 380 BWO 


130 380 BWG 


BWo 

BWE 


MATERIAL 


Croloy 5 Aleoa 38-H14 oa 
ow o 20 
0 70 0 70 
O 15 0 20 tax 
0 50 max 11 
0 O3 max 
0 OS max 
50 max 0 
460 


0 45 0.65 


20 
OR 12 


Renminder Remainder 


@ Later inspection revealed excessive corrosion and materials were considered unsatisfactory for air-heater service 


Corroston Rate oF 


snp Acuminem Tupes 


OMPARATIVE 


possible, the unit should be arranged so that the heater can be 
washed conveniently and the wash water drained away if a corro- 
sion problem is anticipated. Since the use of solid cleaning ma- 
terial has proved very effective for heaters m= service, means 
should be provided for introducing this material into the entrance 
of the heater and removing it from the exit ahead of the induced- 
draft fan. Wherever possible, dust collectors ahead of heaters 
on coal-fired units should be avoided to prevent serious plugging 
of air heaters. If a choice is available the flue gas should leave 
an air heater in a downward direction to prevent condensate 
formed at the cold end from flowing the entire length of the tube 


arrangements, 


This arrangement also permits water-soaking of tubes plugged at 
the cold end to soften and free the deposits 


‘ 
CONCLUSION 


Plugging and corrosion of tubular air heaters is widespread in 


every section of the country with all types of fuels and air-heater 


To minimize corrosion the initial design of the 


—unit should include some method for raising tube-metal tempera- 
ture such as air by-passing, air recirculation, or other means 
~The operator should determine the safe tube-metal temperature 


for his particular installation by attaching thermocouples on the 
wir-heater tubes and collecting temperature data during the 
normal operation. Onee this minimum safe tube-metal tempera- 
ture has been established for his particular unit the operator can 
maintain the coldest tube above this temperature by the method 
provided by the designer, 

It is possible to clean air heaters in service, and more attention 
should be given to this phase of operation and design to maintain 
clean air-heater tubes. Once plugging has, occurred it is possible 
to remove the deposits by the use of hot water, since these de 
posits are mostly water-soluble. When high-sulphur fuels are to 
be fired the designer should attempt to provide for water-washing 
of the air heater in the initial design. 

In like manner, provisions should be made in design for the 
repair of corroded sections of the air-heater tubes, either by the 
use of short tube lengths and ferrules or by the use of a two-sec- 
tion air heater, if appreciable corrosion is anticipated. 

If proper consideration is given to the design and operation of 
tubular air heaters the result would be a relatively low-cost heat- 
recovery apparatus which is effective, economical, and has excel 
lent availability. 


Discussion 


H. Karisson.6 The authors’ of tubular-air- 


heater problems is very interesting and it is noted that the prob- 


presentation 


lems and remedies used are the same as those involved in the case 


® Technical Manager, Air Preheater Corporation, Wellsville, N.Y. 
Fellow ASME 
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of regenerative-type air preheaters with the exception that the 
of maintenance are different. 

The facts brought out by the authors with reference to experi- 
ments with different materials in the tubes of the low-tempera- 
ture zone agree very well with the experience obtained in experi- 
mental work on regencrative-type air preheaters, 

The use of glass for the cold-end portion of the tubular unit 
apparently shows promise not only from a corrosion viewpoint, 
which would be anticipated, but also from a mechanical view- 
point. It is hoped that this method will provide an economical 
means for overcoming some of the difficulties mentioned by the 
authors. 

It is noted from Pig. 3 that measured tube-metal temperatures 
fall below the arithmetic average of air entering and gas leaving 
the unit. The information is not in accord with that obtained 
in the case of regenerative-type units, 

‘The writer agrees with the authors’ conclusion that by giving 
proper consideration to the design and operation, difficulties from 
low-temperature operation of air preheaters of units burning 
diffieult fuels can be reduced, and believes that this applies not 
only to the tubular tvpe of unit but also the regenerative 

The authors are to be congratulated for the thorough Thanner 
in which they have presented their subject 

P. Koen! The problems in design, operation, and mainte- 
nanee of tubular air heaters caused by corrosion and fouling, 30 
well presented by the authors, are generally about the same as 
those encountered in our tabular air heaters 

While most of our heaters last a good many vears and have no 
particular fouling trouble, the writer's company experienced 
severe plugging and corrosion within as short a time as 6 months 
on some high-sulphur-oil and refinery-oil-fired units. 

The determination of the minimum allowable metal tempera- 
ture by installing thermocouples and observing the metal tem- 
peratures of the clean and fouled tubes at light loads is not en- 
tirely clear to the writer since in some cases the fouling also may 
eceur at high louds. However, installing thermocouples in the 
coldest portion of the tubes and establishing the minimum metal 
temperature from observation and inspection are recommended 
These metal temperatures then are used as a guide in the opera- 
tion of any metal temperature-control equipment installed on the 
unit. Lf fouling and corrosion difficulties are experienced, metal 
temperatures also will indicate the amount of improvement 
obtained by changes or additions of control equipment. 

The experience of the writer and his associates indicates that 
the minimum allowable metal temperature varies considerably, 
160 to 280 FP, depending on the type of fuel, amount of sul- 
phur, method of firing, composition of ash, and other factors 
For instance, no corrosion is expected at metal temperature of 
160 F when firing anthracite or sweet natural gas, while ex- 
cessive corrosion may occur up to as high as 280 F when firing 
high-sulphur and vanadium oils. Several marine economizer 
sections recently taken from a unit firing Persian Gulf oil and 
operating with about 245 F water entering and 300 F leaving 
from corrosion and thinning of the tube wall 


were examined about 3 vears’ service, the tubes failed 


Corrosion was 


most severe at the cold end of the economizer but extended to 
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within a short distance of the hot end, where the water tempera- 
ture was about 200 F 
It is interesting to note that oil-fired units had to be cleaned on 
an average of every 5'/. months and pulverized-coal-fired units 
every 7 


»months. Presumably, these units had to be shut down 


to be cleaned. This brings out the importance of considering 
means of increasing or controlling the metal temperatures and 
providing cleaning or washing in service, particularly in those 
cases where high availability is desirable. Heaters designed in 
two parallel sections and arranged with dampers are being water- 
washed successfully at night or over week ends when the units 
are operating below two-thirds load by shutting off and washing 
one side of the heater at a time 

The various methods that should be considered when designing 
a new unit or improving an existing one are covered thoroughly 
The importance of good air distribution at the entrance to the 
heater should be stressed. This is particularly true of heaters 
designed with relatively low air velocities across the tubes at the 
air entrance. In a number of units excessive fouling and corro- 
sion were reduced considerably by installing directional vanes 
and distributors in the air duct at or near the entrance of the 
heater. Therefore it is important that consideration be given 
to the relative position of the forced-draft fan and the air heater 
and to the shape and size of the duet connection in the design 
stage of the unit 

The writer agrees with the authors that finding corrosion- 
The 
writer’s company has been, and is, continuing to test materials 
Alumi- 
num has given good results in some cases and poor results in others 
Cor-Ten looks relatively good to date 


resistant material and coatings is very disappointing 


and coatings in its research laboratory and in the field. 


Pyrex-glass tubes and 

enamel-coated tubes look promising and are being investigated 
With the proper consideration given to the design and opera- 

tion, it is agreed that tubular heaters will give entirely satisfactory 


service 


Closure 


The authors wish to thank the discussers for their contribu- 
tions to this paper. In general, they confirm our experiences 
with corrosion of different materials at the cold end of tubular 
air heaters. 

Mr. Koch indicated that good results had been obtained in 
some cases using aluminum tubes and poor results in others 
Our experience with aluminum tubes has been consistently poor 
Testing of various types of ceramic, plastic, and metallic coatings 
is continuing. 

It has been suggested that the corrosion problem might be 
approached by lowering the dew point of the gases through the 
introduction of additives to the fuel oil, rather than by pre- 
venting corrosion after the moisture has been formed. This 
may be the effect of the Dolomite additive that is reported to 
have decreased air-heater plugging and corrosion. This approach 
to the problem is worthy of considerable study and testing. 

The results of the research in corrosion-resistant materials and 
investigations in lowering the dew point of the gas when coupled 
with proper control of tube-metal temperature should result in 
that 
tubular air heaters, 
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information will assist in reducing the maintenance of 
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Contamination of Condensate by 


Heat-Exchanger-Tube Allovs 


: By J. D. RISTROPH! 


Results are presented from condensate contamination 
studies conducted at two steam power stations to evaluate 
the influence of temperature of condensate, of differing 
dissolved gas content, and of cumulative service time 
upon the degree of metallic contamination to be expected 
in steam condensate of the general character described 
from flowing contact with tubing of twelve alloys com- 
mercially The 
influence of cyclohexylamine on the rates of contamina- 
The testing procedures are briefly 


used in power-plant heat exchangers. 
tion is also indicated. 


described, 


the internal heating surfaces of high-pressure boilers has 


accumulation of foreign metal and metallic oxides on 


become a source of growing concern to the steam power 
industry in the United States. 
years with the advent of the 2000-psi and higher-pressure steam 


Especially over the past ten 


generators, such deposits have been found serious hazards (1,2, 3,4, 
5, 6, 7, 


high temperature in the tube walls, tending in turn to overheating 


These deposits all retard heat transfer and so tend to 
or corrosion or both. Deposits of copper origin seem to have the 
further objectionable property of masking the evolution of hy- 
drogen from the affected surface, which might otherwise give 
advance warning of the impending failure (4). Operating ex- 
perience has pointed to corrosion and solution of metals of the 
steam-condensate-feedwater part of the system, external to the 
boiler proper, as normally the major source of the boiler-heating- 
surface metallic deposits in the so-called 100 per cent condensate- 
feedwater-type plant to which the present paper directly refers 
(2, 4). 

Contemplating addition of three 750,000-lb-steam per hour, 
1555-psi-gage controlled-circulation boilers, initial and reheat 
steam temperature 1000 F, to meet the rapidly growing load of 
its system and desirous of minimizing all interference with con- 
tinuity of operation from the higher-pressure equipment, Vir- 
ginia Electric and Power Company decided upon investigation 
of heat-exchanger-tube alloys as potential sources of metallic 
The 


test equipment would employ steam condensate actually as pro- 


contamination of condensate flowing in contact with them. 


duced in the power plant and otherwise follow conditions of nor- 
mal operation and would, in addition, be used to investigate the 
influence of such special chemicals as might promise reduction in 
corrosion and solution of piping and other parts of the steam- 


condensate system. 


Location or Test 
With the objectives just outlined in view, studies were in- 


! Chief Chemist, Virginia Electric and Power Company, Richmond, 
Va 

2 Consulting Engineer, Stone & Webs*er Engineering Corporation, 
Boston, Mass. Fellow ASME 

3 Numbers in parentheses refer to Bibliography at end of paper. 
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stituted at the Virginia Electric Bremo and Chestertield power 
stations. The Bremo unit selected includes a steam generator 
of 625,000 Ib per hr rated capacity, 1385 psi-gage drum pressure, 
950 F steam temperature, and turbine of 66,000 kw rated capa- 


ano B. POWELL? 


bility with five stage heaters, the highest receiving steam trom 
the 10th stage of the turbine, designed pressure at rated capa- 
bility 306 psi gage, corresponding temperature in drips of 424 F. 
The unit selected for the investigation at Chesterfield Power 
Station included a steam generator of 650,000 Ib per hr rated 
capability, 925 psi gage drum pressure, 875 F steam: temperature, 
and turbine of 66,000 kw rated capability with four stage heaters, 
The highest-temperature heater of the Chesterfield unit takes 
steam from the Sth stage of the turbine, designed pressure at 
rated capability 150 psi gage, corresponding drip temperature 
305 
15th stage heater of this latter unit is 15 psi gage, corresponding 


At rated capability the designed steam pressure for the 
drip temperature 250 F. These three stage heaters at the two 
power stations were considered to afford the maximum reasona- 
bly teasible range in available temperature of drips and were 
accordingly adopted for the condensate-contamination study. 
At Bremo Power Station the chemicals normally used for water 
at the time of the tests were sodium hydroxide, 
sul- 


conditioning 
sodium and 
phite was introduced continuously at the deaerator outlet giving 
Sodium 


metaphosphate, sodium sulphite.  Sedium 


concentrations of 5-10 ppm SOs in the boiler water. 
hydroxide was introduced continuously immediately ahead of the 
economizer to raise the alkalinity of the feedwater to pILS8.0-8.5 
automatically controlled 


Sodium metaphosphate fed, in 


slugs, directly to the boiler drum to maintain in the boiler water 


was 
concentration of 2-5 ppm PO, Silica and chloride concentra- 
tions in the boiler water averaged each approximately | ppm and 
total solids about LOO ppm. 
boiler feed. At Chesterfield Power Station the water condition- 
ing chemicals in use at the time of the tests were merely sodium 


Blowdown was about '/, per cent of 


hydroxide and sodium metaphosphate both being fed directly 
to the boiler drum, intermittently under automatic 
The phosphate concentration in 


control, 
Sodium sulphite was not used, 
the boiler water was maintained about 10 ppm PO, and silica, 
chlorides, and total solids about the same concentration as at 


Bremo Power Station. 


The rate of blowdown was approximately 
yo per cent of the boiler feed. The alkalinity of the feedwater, 
maintained naturally without chemical treatment, ranged from 

pH 7.7 to pH 8.3 approximately. | & 


ARRANGEMENT OF Test 


The twelve alloys identified in Table 1 were decided upon as 
affording reasonable coverage of commercial materials appropri- 
ate for feedwater heat-exchanger tubing. — Fifty feet of small tube 
seemed likely to offer adequate simulation of the power-plant 
heat-exchanger condition, although the corroding liquid would be 
flowing within the tube instead of on the outside. The higher 
rate of contamination per unit of flow made available by such 
attenuation of the condensate path would, of course, be of very 
distinet advantage in the higher concentrations attained in the 
condensate and in hastening desired test results. Three-eighths- 
inch-OD tubing of 0.035-0.040 in. wall thickness was found com- 
mercially available in all alloys to be tested, and was adopted for 
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Approximate composition 


1 ALLOYS 


Alloy 
Phosphorized copper 
Cu-Zn-Sa 


Antimonial admiralty 


CONTAMINATION 


‘opper 99.95) phosphorus 0.055, 
‘opper zine LOT, tin 2°; 
‘opper 71°) zine 28°) tin ant 
mony 

‘opper 71.5% sine 27.5% tin 
arseme OO, 

‘opper zine 28° 
phorus 0.056 
‘opper 
senie 
‘opper 77.20) aime 20.65, 
2.19) arsenic 0.055; 
‘Copper nickel 
manganese 0.455% 

‘opper 69°) nickel 30.2°) iron 
manganese azine 

opper 68.30) nickel 30.2°7) iron 0.6‘ 
manganese 0.657 zine 

Copper 30.0% niekel iron 1.4‘ 
manganese LOG, 

[ron 68°) chromium 17°) nickel 10° 


molybdenum 2.5°) manganese 2°, 


Arsenical admiralty 


Phosphorized aduuralty tin phos 


Aluminum bronze aluminum 5.55) ar- 


Arsenical aluminum brass aluminum 


10 Cu-Ni OB Fe iron 


30 CueNi O4 Fe 
30 CueNi 


Monel 


O68 be 
416 Stainless steel 


the individual specimens accordingly. The general arrangement 
of alloy test coils as photographed during installation at Chester 
field Power Station is shown in Fig. 1. To prevent any apprecia 
ble loss in condensate temperature the test coils were insulated 
heavily, in groups of six 

After 


contamination in water, the use of ion-exchange resin for recovery 


review of available methods of measuring metallic 
and concentration of the metals and their oxides, a process tried 
briefly by B. J. Cross on his studies of the 2000-psi boiler at 
Somerset Power Station of Montaup Electric Company, with 
spectrophotometric determination of concentration in the leach- 
ing liquid, was adopted as offering the greatest: promise of appro- 
priate precision within reasonable limits of technical manpower, 
In the interval, development in resin exchangers had advanced 
markedly and two types, a carboxylic cation exchanger and a 
combination of sulphonic cation exchanger and strongly basie 
anion exchanger in a monobed, seemed to offer sufficient promise 
to warrant practical trial. While as indicated in Fig. 3 the single 
resin cation exchanger of carboxylic type was found more efficient 
in requirement of leaching liquid, the monobed was the more 
effective in recovery of traces of metals and metal oxides and other 
contaminating substances from the condensate. The adsorption 
of suspended material by the carboxylic resin was very doubtful 
Preliminary studies also demonstrated that tightly packed glass 
wool was much more effective than glass beads as filter material 


Anvoy Test ix Process CHESTERFIELD POWER STATION 


VERY Equipment INSTALLED aT Bremo 


POWER STATION 


CARBOXYLIC — i 


8 
8 


COPPER RECOVERY - PERCENT 


3 


FY 


COPPER RECOVERY PERCENT 


LeacHING OF EXCHANGE RESINS RELATED 
ro Votume or LevcHing 


The 


monobed-resin combination and glass-wool filter were adopted 


for collection of suspended solids ahead of the exchanger. 


The arrangement of metallic recovery equipment is shown in the 
photograph of the installation at Bremo Power Station, Fig. 2. 
Separate 48-in. lengths of 2-in. Pyrex glass tubing were used for 


filter and ion exchanger on each test coil. The test equipments 
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HEADER 
PRESSURE 
7 GAGE 


SPECIAL HEATER DRIP DRAIN HEADER 5 
HORIZONTAL For TEST CONNEC TIONS 
HIGH GRADE CARBON STEEL PIPE 


THERMOMETER IS CATCHALL CONNECTIONS BLANK ) 


| 
i 12 STRAIGHT LENGTHS MONE 
CATCHALL 
= _ 
20 ano 10 STRAIGHT LENGTHS 
68 102 Cudn-S- 
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at the two stations were essentially identical in all respects. The 
drip, or condensate, flow path through the alloy test coils and the 
recovery equipment is shown diagrammatically in Fig. 4. 

Control of flow through the test coils is provided on the 10th 
~tuge installation at Bremo and the Sth stage at Chesterfield by 
stainless-steel orifices discharging to overflow at constant posi- 
tive static head and, on the l5th stage at Chesterfield, merely by 
constant positive static head at overflow. ‘The fixed positive head 
on the test coil overflow permits assured diversion of part of the 
the 
filter, and monobed exchanger. 
vided ahead of the recovery equipment. 
the recovery equipment is by stainless-steel orifices at the point 


condensate flow to recovery equipment, the glass-wool 
Ineonel cooling coils are pro- 


Control of flow through 


of final discharge for return to the station condensate system. 
A 13th connection is provided on the individual stage-heater drip 
distributing header which, omitting the alloy specimen, is in all 
respeets identically equipped for establishment of a blank 


OPERATION OF Tes? EQuirpMENT 


\nalytieal runs on the condensate test equipment were of 100 
hr duration. After the first three such runs on drips from each 
of the three stage heaters, all subsequent analytical runs were 
immediately preceded by nonanalytical runs of 100 hr or more 
duration, except for run No. 4 on the Bremo 10th stage equip- 
ment where a 4-day delay intervened for repair of piping on the 
main unit. For this discussion, the period either of an isolated 
analytieal run, or of a nonanalytical run and an immediately 
following analytical run combined, will be referred to as a test 
period. 

Aside from one or two unavoidable interruptions from shut- 
down of the generating unit or for test piping repair, condensate 
flow in the test coils on the higher-pressure stage heaters was 
maintained continuously during test periods. On the Chester- 
field 15th stage heater tests, in addition to an interruption from 
shutdown of the unit, it was necessary to interrupt the test period 
when including week ends to avoid subjecting the test equipment 
to subatmospheric pressures under the lower unit loading. At 
all times of interrupted flow the test coils were kept submerged. 
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In the higher-temperature equipment of the 10th stage installa 
tion at Bremo and the Sth stage installation at Chesterfield the 
condensate flow rate in the test coils was controlled at about 4.5 
In the 15th stage heater installation at Chesterfield the 
flow rate, limited by the low pressure of steam in the stage heater, 


Typos, 


was about 2.2 fps. 

Except for a delay of about 4 days following run No. 3 on the 
Bremo 10th stage equipment caused by nonavailability of eon 
densate during outage of the generating unit, all analytical runs 
were followed immediately by leaching-regenerating of the re 
covery equipment. During this process, which for one heater 
group occupied about 10 days or more, to avoid risk of too serious 
contamination of feedwater the condensate flow was discontinued, 
the test coils standing submerged. Where no nonanalytical test 
run intervened between analytical runs, the individual alloy 
condensate path was then flushed continuously 10-20 min before 
cutting in the metallie recovery equipment, with the intent of 
removing any accumulation of abnormal concentration of metal 


lic contamination. Where immediately preceded by a nonana- 


— Iytieal run, the analytical run was of course merely a continuance 


of the nonanalytieal. Throughout all test periods, tests for dis- 
solved gases, pH, and electrical conductivity were made about 
twice daily on condensate as delivered to the test assembly and as 


discharged from each test coil after filtration and deionization. 


Resuvts or Tests -NorMan PLAnr Feevwater TREATMEN' 


The associated observations and general results of the conden 
sate-contamination tests secured on the equipment on the Sth 
stuge and 15th stage heaters at Chesterfield Power Station are 
summarized in Table 2 and Table 3, respectively, and the cor 
responding data on the LOth stage heater tests at Bremo Powe 
Station are given in Table 4. The rates of copper contamination 
of the condensate found on the analytical runs for the different 
alloys on the tests are shown graphically for the three stage 
As the 
graphs of these three charts are of value chiefly for indication of 


heaters in the same sequence in Fig. 5, Fig. 6, and Fig. 7. 


progressive trends and to follow the individual alloy contamina 
tion on them is somewhat difficult, the relative magnitudes of 
copper contamination picked up by the drips on seleeted runs 
are shown graphically in Fig. 8 and Fig. 9. 
tion derived from the different alloys on the Chesterfield 14th 
stage heater on the 1400-1500 hr run, on the 10th 
stage and Chesterfield 8th stage heaters on the respective 1600 
1700 hr runs, and on the Bremo 10th stage heater on the 2550 
2650 hr run is in Fig. 8. 
contamination picked up by the Bremo 10th stage heater drips 
on the 1600-1700 hr, on the 2350-2450 hr, and on the 2550 
2650 hr runs. 
from contact with type 316 stainless steel are shown in Fig. 10 
Attention is called to the earlier statement that all analytical 
The two numbers used in identify- 


Copper contamina 


Bremo 


Fig. 9 gives a comparison of copper 


Relative rates of iron contamination as derived 


runs were of 100 hr duration 
ing the different runs in Fig. 8 and Fig. 9 give the cumulative 
hours elapsed at the beginning and closing of the particular run. 
Data on the condensate as delivered to the test specimens are 
given immediately below the heading in each table. Condensate 
leaving the exchangers was almost exactly neutral and the eon 


ductivity generally rather close to 0.10 mmho per em cube at 


25 C, quite often less, 

It will be noted that the first three analytical runs on all three 
installations show, in general, relatively high values of contamina 
tion. In the Bremo 10th stage installation, maximum contami- 
nation rates are recorded for several alloys on the fourth ana- 
lytical run. Copper 
aluminum brass, 70-30 copper-nickel 0.4 iron and 0.6. iron, 
and 90-10 copper-nickel 0.8 iron and iron from type 316 stain- 
less steel are at substantially the maximum rates on thisrun, In 


from antimonial admirality, arsenical 
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TABLE 2 ANALYaIS OF DRIPS TO TEST COILS AND RESULTING 
METALLIC CONTAMINATION 8TH STAGE HEATER 
CHESTERFIELD POWER STATION 

Test no 

Conductivity, mmho 

pH 

COs 

Og, ml/liter 

Pemperature, | 

Pressure, psi gage 

Cumnlative hours 2 300 


Copper pickup y surface 


Phosphorized copper 
88 10 2 Cu-Zn-Sn 
Antimonial admiralty 
Arsenical admiralty 
Phosphornzed admiralty 
Aluminum bronze 
Arsenical Al brass 

WO 10 Cu-Ni O8 Fe 
70-30 Cu-Ni O4 Fe 
70-30 Cu-Ni 0.6 Fe 
Monel 


ppb per sq ft alloy surface 


316 Stainless steel 8 O15 5.19 
Conductivity mmbho per em cube at 25 C. 


pickup 


ABLE ANALYSIS OF DRIPS TO TEST COILS AND RESULTING 
Mi. CONTAMINATION ISTH STAGE HEATER 
THESTERFIELD POWER STATION 
Test no 
Conductivity, 


ml /liter 
Temperature, F 
Pressure, pai gage 
Cumulative hours 
ppb per sq ft alloy surface 

0 66 4 

2.37 

1 63 


Copper pickup 
Phosphorized copper 
2 Cu-Zn-Sn 
Antimonial admiralty 
Arsenical admiralty 0.49 
Phosphorized admiralty 2 36 
Aluminum bronze 2 50 
Arsenical Al brass 0 85 
10 CueNi Fe 0 46 
70-30 Cu-Ni O4 Fe 0.24 
70 30 Cu-Ni 0.6 Be 0.15 
0.09 


Monel 
ppb per sq ft alloy surface 
2.08 


Iron pickup 


316 Stainless steel 7.32 
Conduetivity- mmho per em cube at 25 C 


“ Unfortunately, the final samples of five test coils on run No. 3 were 
unavoidably lost, and it was impossible to secure the analytical results. 


although 90-10) copper- 
and type 


the Chesterfield Sth stage installation, 
nickel 0.8 iron, the two 70-30 copper-nickel alloys, 
316 stainless steel show no significant change between the third 
and fourth analytical runs, the general contamination trend in- 
dicated in the fourth analytieal run is downward. Unfortunate 
loss of many drip samples from the third analytical run on the 
Chesterfield 15th stage heater installation prevents a similar 
comparison of the two final runs on that heater. However, 
parison with the earlier analytical runs on drips from the same 
heater suggests either maximum contamination rates in the fourth 
analytical run or a downward trend beginning in the third ot 
fourth analytical run. 

In general, determination of iron contamination was limited to 
condensate from the type 316 stainless-steel test coil, and from 
me or two of the nonferrous-alloy test coils used for evaluation of 
the iron blank. On the initial analytical run on the Bremo 10th 
stage heater test 


equipment, exploratory determinations were 


made for iron contamination from every alloy specimen. The 
results indicated almost as high an initial rate of iron contamina- 


tion from the 70-30 copper-nickel alloys and Monel as from the 


type 316 stainless steel: 

5.00 ppb per sq ft contact surface 
3.16 ppb per sq ft contact surface 
5.74 ppb per sq ft contact surface 
6.54 ppb per sq ft contact surface 


70-30 Cu-Ni 0.4 Fe 
70-30 Cu-Ni 0.6 Fe 
Monel 14 ke 
3168S OS.0 Be 


0.022 ppm 
0.013 ppm 
0.025 ppm 
0.029 ppm 


The measured iron contamination from Monel approximates so 
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nearly that from type 316 stainless steel that use of the stainless 
steel in making connections to the Monel test coil ean hardly have 
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rABLE 4 ANALYSIS OF DRIPs TO TEST COILS AND RESULTING METALLIK 
CONTAMINATION 10TH STAGE HEATER—BREMO POWER STATION 

Test no 2 3 5 6" 
Conductivity, mmho 42 41 4 5 0 60 
Os, ppm 
NHa, ppm 

ml liter 

Temperature, 

Pressure, psi gage 

Cumulative hours 


copper 
10 2 Cu-Zn-Sn 
Antimonial admiralty 
Arsenal admiralty 
Phosphorized admiralty 
Aluminum bronze 
Arsenical Al brass 
10 Cu-Ni Fe 
70-30 Cu-Ni 0.4 Fe 
(70.30 Cu-Ni 0.6 Fe 
Monel 


Copper pickup —-ppb per sq ft 


@ 


[ron pickup ppb per aq ft alloy surface 
Stainless steel 654 5 63 1.80 7.10 
Conductivity» -mmbho per em cube at 25 


Cyclohexylamine added to feedwater with controlled at 8.5 
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ED ADMIRALTY 


88-10-2 Cu-Zn-Sn 
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ALUMINUM BRON 
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70-30 Cu-Ni-0.6Fe 
ARSENICAL AL BRASS 


MONEL 
ARSENICAL ADMIRALTY 
ARSENICAL Ai BRASS | 


ARSENICAL ADMIRALTY 


PHOSPHORIZED COPPER 


hig. & Comparison or Contamination Raves From Coprer tn 


been a significant factor im the result. Nickel interference, 
however, may have been a major factor in these four iron deter- 
minations, especially in the contamination from Monel (10). 
Service experience has sometimes indicated a high rate of initial 
attack of condensed steam on copper-nickel alloy. Probably 
further tests would show quite appreciable decrease in actual 
iron and nickel interference, if the latter has been a factor in the 
indicated result, 

Some of the recorded variations in contamination rates seem 
There 
seem three possible sources of irregularity, (a) differences in 
effectiveness of purging from the 10-20 min flushing before divert- 
ing condensate flow to the recovery equipment on analytical 


incompatible with the associated data of the tabulations. 


runs not immediately preceded by nonanalytical runs, () differ- 
ences in stage of protective film development attained by the 
different 
the condensate more significant than the spot-test averages 


metals, (¢) differences in dissolved-gas content of 
of the tabulations would indicate. 

Corrosion products settling in the test coils during idle periods 
may have been of varying tenacity of adherence, influenced by 
length of idle period and by character of the deposit: peculiar to 
the metal specimen and the corrosive constituents in the con- 
densate, 

The arsenical admiralty coil specimens on all three installa- 
tions had been used for a 50-hr preliminary run at Bremo sta- 
tion on condensate of about 440 PF. For simplification of presen- 
tation, this initial 50-hr service has been disregarded in tables 
and charts. The phosphorized admiralty test coil which had 
been used on the preliminary run for comparison of resins was 
accidentally damaged and was replaced in its entirety before 
beginning the main tests. The 100-hr shorter nonanalytical 
run preceding the analytical run of test No. 4 on the Chesterfield 
15th stage heater installation will, of course, have afforded less 
time for protective film development than available to the alloy 
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speeimens of the Chesterfield 8th stage installation on the same 
numbered test or to the specimens of the Bremo 10th stage in- 
stallation on test No. 5. Much more important differences in 
stage of protective film development, however, would be expected 
from difference in susceptibility of the different alloys to such 
developments under the changing environmental conditions of 
the tests. The record of copper contamination in Bremo [0th 
stage heater drips from 90-10 copper-nickel 0.8 iron would seem 
to afford a striking illustration of peculiarity in protective film 
development. 

All analytical figures, except those for metallic contamination, 
were from infrequent spot tests and cannot be expected to 
cover the full range encountered. In the Chesterfield tests, the 
spot samplings of drips indicated rather wide variations in oxy - 
gen content. There may have been significant variations in 
concentration of oxygen and other dissolved gases in the heater 
drips of both stations. Traces of oxygen were probably present 
at times during all test periods. 

The metallic contamination found in the heater drips during 
the analytical runs at the two stations is given in terms of parts 
per million of condensate weight in Table 5. The tubes of the 
Bremo 10th stage and Chesterfield 8th stage heaters are 70-30 
copper-nickel and those of the Chesterfield Lith stage heater are 
admiralty. The evidence of the blank copper contamination 
values, which are checked by the determination on condensate 
discharge from the type 316 stainless-steel specimens, would seem 
that corrosion or solution of copper had been unusually high in 
the Chesterfield 8th and 15th stage heaters on run No. 2 and in 
the Bremo lOth stage heater on run No. 3. The influence of 
heightened corrosive activities seems to have extended to some of 
the nonferrous alloys in each of the test groups. For some of the 
other specimens the higher concentration of copper in the drips 
reaching the test assembly may have been sufficient to cause meas- 
urable decrease in avidity of the condensate for copper, or the 
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TABLE 5 INITIAL CONTAMINATION OF DRIPS 
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Chesterfield Power Station 
Copper Iron 
Sth Stage 15th Stage Stage 15th Stage 

Test no, prem ppm 10) Apparent CONDENSATE CONTAMINATION FROM [RON IN 

O024 O28 0 O34 Type 316 STEEL 

0 O214 O128 O25 0 O34 

0 O77 O28 

0 0020 O31 0 033 


dependent of the velocity of flow. The copper-contamination 
values from this preliminary run are given in Table 6. The maxi- 
PABLET6 EFFECT OF FLOW VELOCITY ON CONTAMINATION — mum contamination rate recorded in lb per hr was for the highest 


OFFOONDENSATE AT 440 F FROM ARSENICAL ADMIRALTY 
STAGE HEATER BREMO POWER STATION velocity but only one third higher than the minimum, which was 


Test coils ies B for the intermediate velocity, The test was made on arsenical 
Flow velocity, fps 6 63 admiralty not previously used. Consequently, variations from 
Copper picked up, 0 0029 
Copper picked up, ppb per ft 0 68 ) 
_ Copper picked up, per br, Ib x 10% 2.0 The indication ts strong, nevertheless, that, because of the lower 


undetermined causes may be too great for definite conclusions, 


velocity of condensate flow, arsenical admiralty in the Chester- 
allovs were highly resistant to the particular corrosive agent field L5th stage coils should have caused higher contamination 
Flow rates through the Chesterfield 15th stage heater test coils | in parts per billion per sq ft contact-surface area than in the Ches- 
were about 2.2 fps, approximately one half those in the coils on — terfield Sth stage or Bremo 10th stage coils for the same tempera- 
drips at the higher temperatures. The preliminary test run ture and quality of condensate. Influence of shorter time for 
earlier mentioned, run on 440 F drips from the Bremo 10th stage — protective-film development in the Chestérfield 15th stage coil 
heater for determining upon the required velocity of condensate — on test No. 4 would have been in the same direction. The higher 
flow, indicated that, for the specimen arrangement and environ- — contaminations reported for the higher-pressure stage tests of the 
ment of the test, for flow rates within the range of approximately alloy must be attributed to much more severe activity of eon- 
3 fps to 11 fps, the copper pickup in terms of condensate contami- — densate. 
nation, parts per billion per sq ft of alloy contact-surface area, An interesting feature of the results from all three of the stage 
varied in inverse proportion to the flow velocity sufficiently to heater tests is the apparently large influence which, under the 
make the weight of copper picked up per unit of time almost in- — conditions of these tests, may be exerted by minor constituents 
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in certain of the alloy 8, 


fire 


Test no. 1 
late 9/7/51 
feedwater pH control Caustic 
soda 
Feed pump condition Accumulating 
Turbine load, kw 
Drum pressure 
Steam flow 
pressure 
temperature 
Pump no 
Suction pressure 
Discharge pressure 
Motor, amperes 


472 
1500 
240 


Arsenical admiralty alloy showed less 
Also, the 
70-30 Cu-Ni 0.6 iron imparted distinetly less contamination than 


susceptibility to corrosion than antimonial admiralty. 


the corresponding alloy of 0.4 iron content 


TRIAL OF CYCLOHEXYLAMINE Av Bremo Power Srarion 
Iron contamination in the feedwater had been a source of 
considerable annoyance and expense on the high-pressure unit at 
Bremo Power Station. Tron oxide accumulated on boiler feed- 
pump casings and impellers, on flowmeter orifices, attemperator 
spray nozzles, and other objects imposing interference with feed- 
water flow. The effects of the accumulation on boiler feed-pump 
performance may be judged roughly from comparison of tests num- 
bered | and 2 in Table 7, where test No. 2 shows the effect of 
pump cleaning on the motor ampere input, which had increased 
Test No. 3, made about 
five weeks after the cleaning operation, shows a quite appreciable 


by more than one third above normal. 
Increase In power requirement, Differences in net effective pump 
outputs on the different tests prevent the motor amperes from 
affording precise measure of fouling, but they are believed ade- 
quate for the purposes of the tabulation. The net output appears, 
for test No. 2, to have been a little higher than for test No. 1, 
and for test No. 3, somewhat higher than for test No. 2. 

W. W. Cerna, in describing German wartime developments and 
practice in steam-boiler feedwater treatment, referred to the use of 
ammonia and ammonium salts for neutralization of carbon di- 
oxide and control of alkalinity (9). Prof. FP. G. Straub also 
reported instances, in his American practice, of marked benefit in 
reduction of metallic contamination effected by small eoncentra- 
tions of ammonia in feedwater (7). As pointed out earlier in 
the present paper, metallic contamination is a problem affecting 
many high-pressure power plants. The reports of corrosion 
of nonferrous metals from ammonia made it seem inadvisable to 
recommend any large-seale use of ammonia, or chemicals liable 
to have ammonia as a breakdown product, without definite 
investigation of effeets on ail alloys likely to be encountered in 
the feedwater-steam-condensate system, Advantage was ac- 
cordingly taken of the corrosion-test equipment at Bremo Power 
Station to make a preliminary trial of one of the recommended 
ammonium Addition of this 
material to the feedwater of the high-pressure unit at Bremo 
Power Station was begun on November 7, 1951, maintaining the 


compounds, eyclohexylamine. 


alkalinity of the feedwater about pH 8.5, at the same time dis- 
continuing introduction of caustic soda ahead of the economizer. 
Caustic soda, at decreased rate, was fed with the phosphate di- 
rectly to the boilerdrum. The eyvelohexylamine requirement was 
approximately 75 ml per day on a steam-generating rate of 
12,600,000 Ib per day, equivalent to less than '/4o ppm in terms of 
weight of steam generation. By November 29, about three weeks 
after beginning use of cyclohexylamine, the motor input at cor- 
responding boiler load had dropped to 190 amp. The motor am- 
pere input observed May 28, 1952, without resort to mechanical 
cleaning since introduction of the eyelohexylamine, is shown by 


the results reported under test No. 4 of Table 7. Significant 
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TABLE 7 EFEECT OF CYCLOHEXYLAMINE ON BOILER FEED-PUMP POWER REQUIRE- 
MENT -BREMO POWER STATION 


2 3 
9/17/51 10/22/51 
(Caustic Caustic 
soda soda 
Manually Accumulating 
cleaned deposit 
77000 78000 
1355 1375 
679000 682000 
1480 1505 
432 : 


hexylamine 
Self- 
cleaning 
76500 
1370 
684000 


EFFECT OF CYCLOHEXYLAMINE ON IRON CON- 
TAMINATION OF BOILER FEEDWATER 
t 


BREMO POWER STATION 

7/13/51 12/20/51 
0.22 ppm 0 O07 ppm 
0.16 ppm 0 O08 ppm 


rABLE 8 


Feedwater to economizer, Fe 


improvements were also shown by flowmeter indications and 
attemperator performance. The effect as 
concentration in the feedwater is shown in Table 8. 

Iffects of the eyelohexylamine treatment reflected in observa- 
tions of Bremo 10th stage heater drip contamination from the 
different test alloys are shown in test No. 6, Table 4. | Effects of 
that treatment are reflected also to some extent in the iron con- 
tamination shown by test No. 7, the same table, which followed 


indicated by iron 


complete clearing of cyclohexylamine from the plant system. 
Test No. 6 shows not only complete avoidance of iron contami- 
nation from type 316° stainless steel but marked decrease in 
All 


decrease in 


contamination from all nonferrous alloys except Monel. 
copper-nickel alloy specimens show less marked 
contaminating effect than the other nonferrous alloys on the 
average. Condensate contaminations by copper from the differ- 
ent alloys on test runs during and immediately before and after 
the use of cyelohexylamine are compared graphically in Fig. 9. 
Complete avoidance of iron contamination from type 316 stain- 
less steel is shown by the Bremo 10th stage graph in Fig. 10 
The behavior of Monel is so surprising that effort will be made on 
further tests to confirm or correct the present indications. a 


CENERAL 


Some figures are given in Table 9 as illustrations of divergence 
from the test values which may occur in the actual power-plant 
equipment. The figures show, in the same terms of parts per 
billion per sq ft area of exposed contact surface of the specific 


HEATER DRIPS 


~Iron 


FABLE 9 METALLIC CONTAMINATION IN 

Copper - 
Ppb per 
sq ft 


Ppb per 
Ppm Ppm eq 
Chesterfield P.S. 
&th Stage Heater 
Tests 1-4, ine 
15th Stage Heater 
Tests 1-4, ine 
Bremo 
10th Stage Heater 
Tests 1-5. ine 
Test No. 6 
Test No. 7 


0 0087 0 O28 


0 0079 0058 0 034 


) O48 
0 044 
0.033 


0066 
OO24 


0. 0136 
0 0050 
0 0106 


metal, the average condensate contamination found during the 
four analytical runs on drip? from each of the Chesterfield 8th 
stage and 15th stage heate?s and during the first five, normal 
feedwater treatment, analytical test runs on drips from the Bremo 
Power Station 10th stage heater, also on the individual sixth and 
seventh analytical runs on drips from the Bremo 10th stage 
heater. The contamination carried by the heater drips on reach- 
ing the test equipment may conceivably include small traces of 
both copper and iron carried by the steam. Expectably, how- 
ever, such metals or their oxides would have been largely sepa- 


é | 
| 
74 174 197 200 180 
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rated from the steam in passage through the turbine stages 
ahead of the heater, 

As mentioned earlier in the paper, the tubes in the Chester- 
field Sth stage heater and the Bremo 10th stage heater are of 
70-30 copper-nickel and in the Chesterfield 15th stage heater 
admiralty. It will be noted that the copper contamination in 
parts per billion per sq ft of alloy surface apparently acquired 
within the periods of test in the Sth and l5th stage heaters at 
Chesterfield were, in each case, about 0.5 per cent of the corre- 
sponding average test values. The relationship will have been 
influenced by the states of protective-film development in the 
respective test coils, which expectably will have been different, 
and doubtless by less obvious offsetting factors. For the Bremo 
10th stage heater the copper contamination acquired within the 
heater was about 0.2 per cent of the corresponding average test 
value for the first five tests and for the sixth test. For test No. 
7, however, the copper contamination from the heater was about 
1.3 per cent of the corresponding test figure. 

Comparison of iron contamination from carbon steel of plant 
equipment and from test specimens of stainless steel seems far- 
fetched. 
permitted a nearer relation between iron contamination acquired 
external to the test coils and iron picked up from the type 316 
stainless-steel test coils than correspondingly reported for the 
copper comparison. For the Chesterfield 8th stage and 15th 
stage installations, the average iron contributions from the re- 

2.7 and 4 per cent of 
the type 316 stainless-steel test coil values. Again, influence of 
time for protective film development should be considered in com- 
paring the two percentages. For the Bremo 10th stage installa- 
tion, the average iron contributions from the heater and connect- 
ing piping on the first five tests with normal treatment of the 
feedwater and for test No, 7 were respectively 4.3 and 5.5 per cent 
of the simultaneous values from the type 316 stainless-steel test 
On test No. 6 the type 316 stainless-steel coil contributed 


The corrosion resistance of the stainless steel, however, 


spective heaters and connecting piping were 


coil 
no iron contamination 

The three stage heaters are set with tubes vertical and steam 
baffles horizontal making 10-12 steam passes across the heating 
The respective paths of exposure for contamination of 
Dimen- 


surface, 
condensate In the heaters are of course very complex. 
sionally, in relation to the flow of drips in the test coils, the heater 
flow paths for copper contamination are short and wide and the 
paths for iron contamination considerably shorter in effective 
average length and very considerably wider. In the steel piping 
by which the condensate is conveyed from the heater shell to the 
alloy test specimens, velocities approximated those in the test 
coils but the piping represented only 8 to 16 per cent of the ex 


posed iron surface in the flow path. 


CONCLUSIONS 


Under conditions average for the tests, all alloys tested develop 
protective films which tend to deerease their contaminating ef- 
fects. 

Under conditions of environment and nature and concentra- 
tion of prior contamination of drips used in the present tests 
made under conditions of feedwater treatment normal for the 
respective power plants, most of the twelve alloys tested would 
initially give relatively high rates of condensate contam/*nation, 
Within a few hundred operating hours the condensate contamina- 
tion from any specific one of the alloys would attain a maximum 
rate, and then progressively decrease to a relatively minor rate 
peculiar to the individual alloy and the chemical and physical 
environment. 

Under conditions of normal feedwater and boiler-water tresat- 
ment and of dissolved-gas content normal to the drips from the 
stage heaters used on the tests, temperature range approximately 


path. 


245 F to 425 F, and within the exposure time limits of the tests, 
Monel, 70-30 copper-nickel, and arsenical admiralty should be 
grouped as heat-exchanger alloys of nonferrous or copper-bearing 
tvpe showing least tendeney to contribute copper contamination 
to condensate and aluminum bronze and aluminum brass as 
tending to contribute most highly to contamination by that metal. 
Also, under conditions of feedwater treatment normal for the 
plants on which the tests were made, type 316 stainless steel ap- 
parently contributed iron contamination at rates not very far 
from the averages for copper contamination shown by the non- 
ferrous alloys on the corresponding test runs. 

Increase of condensate temperature causes increase in contami- 
nation from all alloys. For many of the alloys tested, however, 
the influence of differences in Zas ce meentrations, Occurring merely 
as features of ordinary operation of the power plants, greatly 
outweighed the effects of 45-60 F difference in temperature be- 
tween the Chesterfield Sth stage and Bremo 10th stage heaters. 

For several alloys, apparently a higher corrosive activity of dis- 
solved gases enused much higher contamination rates on test 
No. 2 of the Chesterfield Sth stage heater installation than re- 
corded for the same alloys on the Bremo 10th stage heater test 
No. 2 at about 60 F higher temperature. The effect of lower 
gas content combined with 120-125 F further lowering of tem- 
perature in the drips from the Chesterticld 15th stage heater 
test No, 2 is quite marked, notwithstanding the shorter time for 
protective film development in the 15th stage test coils, On the 
other hand, comparison of Chesterfield test No. 4 will show that, 
under some conditions of contamination, drips from the l5th 
stage heater may be more corrosive of some alloys than simul- 
taneously produced drips from the 8th stage heater at the higher 
temperature. This is evident even allowing for inverse variation 
of contamination with effective velocity of condensate flow, unless 
it should be that the shorter protective-film development period 
has been a very important factor 

Treatment of feedwater with cyclohexylamine effected marked 
decrease in rates of contamination imparted by all nonferrous 
alloys tested and prevented entirely iron contamination from type 
316 stainless steel. The response of the nickel-bearing non- 
ferrous alloys to the eyelohexvlamine treatment was less marked 
than the response of the other nonferrous alloys, sufficiently so 
that aluminum 
bronze, aluminum brass, phosphorized copper, and arsenien! 


the copper-nickel alloys were displaced by 
admiralty at the most favorable end of the seale. 
The rate of condensate contamination to be expected from 
contact with any alloy, nonferrous or ferrous, at any time is 
strongly influenced by the nature and extent of prior nonmetallic 
contamination of the condensate, possibly also by its prior me- 
tallie contamination, and by the arrangement and dimensions of 
the metal surfaces giving contact exposure to the condensate 
Continuance and intimacy of contact are of major im- 
portance, Effects of these several factors should be more defi- 
nitely explored before attempting direct application of the present 
reported test results as criteria for contamination to be expected 
under any other set of conditions. 
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Interscience 


Discussion 
C. L. Bunow.* 
tion regarding the corrosion resistance of a representative group 
The data for 70-30 cupro nickel containing 
O4 per cent iron, aluminum brass and arsenical admiralty in- 


Phis paper contains much interesting informa 
of copper-base alloys. 


dicated that the copper pickup by the condensate depends upon 
the alloy, composition of the solution, initial film on the tube sur- 
face, the time to remove this initial film, the time to build up a 
new film, and temperature. 
The composition of the solution varied appreciably as regards 
‘Corrosion Metallurgist, Bridgeport Brass Company, Bridgeport 
Conn, 
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the concentration of carbon dioxide and ammonia, and the pil 
reflected the various ratios of these two gases. It was found that 
the solutions could be grouped into two major groups, the first 
group showing a pH ranging from 6.3 up to 6.7 and the second 
group showing a pH ranging from 7.6 up to8.5. Plotting of all of 
the data presented in Tables 2. 3, and 4 resulted in some interest- 
Ing curves The copper pickup Wis plotted against time, using 
values found in the two pH groups. This resulted in two curves 
covering the two pH ranges for each of the three alloys mentioned 

In Fig. 11 of this discussion the curves obtained for arsenical 
aluminum brass showed that the film initially present on this alloy 
hindered copper pickup by the condensate. In the high pH range 
this film was more rapidly removed than in the low pH range and 
resulted in a Maximum copper pickup after approximately 300 
hr. Thereafter a new film began to form on the metal surface 
which gradually became more resistant to corrosion by the con- 
densate, and after 2400 hr was evidently still in the process of 
forming a stable film on the aluminum-brass surface 

The aluminum brass in the lower pH range took a somewhat 
longer period of time to remove the initial film and even after 
2650 br had not formed a stable film.  lividently another 700 hr 
would have been needed to see this alloy perform at its best in 
the lower pI range. This behavior of the aluminum brass ap- 
pears to be consistent with what is known about this alloy where 
its corrosion resistance is controlled to a considerable extent 
by the stability of the aluminum-oxide film which forms on 
the surface. Based on the solubility characteristics of this film, it 
is expected that it would be more stable in the lower pH range 
than in the higher pH range. Therefore it would be very interest- 
ing to see what the copper pickup would be after another L000 hr 


exposure. 
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~The data for the 70-30 cupro nickel, Fig. 12, herewith, con- 
taining 0.4 per cent iron resulted in somewhat similarly shaped 
curves for the two pH ranges. In the high pH range the maxi- 
mum copper pickup occurred aiter 200 hr, whereas in the lower 
pH range the maximum copper pickup occurred after 1100 hr 
The data obtained in this investigation appear to be consistent 
with those obtained from other investigations regarding the be- 
havior of 70-30 cupro nickel. Generally, in the absence of car- 
bon dioxide and chlorides, we would expect the corrosion resist- 
ance of this alloy to be greater in the higher pH range than in the 
lower pH range. In this instanee the behavior of the 70-30 
cupro nickel was better at the higher pH values, with the excep- 
tion that the curves obtained for the two pH ranges crossed one 
another at approximately 2150 hr. A longer time of exposure 
would be required to determine where the curves really level off. 

The curves for arsenical admiralty, Fig. 13, showed econsidera- 
ble seatter during the first 200 or 300 hr. Evidertly this is due 
to the condition of the initial film existing on the admiralty tube 
surfaces, Inthe low pH range a very smooth curve was obtained 
with the exception of one point at 200 br. This curve showed 
that with the passage of time a much more stable film was build- 
ing up on the arsenical admiralty tube surface, which in turn 
reduced the copper pickup by the steam condensate. The slope 
of the curve indicated that the film may not have vet obtained its 
maximum stability evea after 2650 hr. The scacter of the points 
for the high pH range suggested rapid removal of the initial film 
from the admiralty surface, followed by very rapid building up 
of a protective film on its surface. 

It is anticipated that similar treatment of the data compiled 
for the other alloys would result in curves characteristic of these 


materials in this environment 
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The shape of the curves obtained is representative of what 
should be expected where film-covered copper alloys are exposed 
to weakly corrosive solutions. Generally, this initial film effect 
can be reduced considerably by dissolving the films in a suitable 
acid immediately preceding initiation of the test. Careful de- 
greasing of the tubes prior to the acid treatment also may be nee 
essary, since oil films may interfere with acid-cleaning 

W.V. Drake’ ano W. In an industry that is 
expanding as rapidly as the power industry the paper should prove 
most interesting and informative. The authors are to be eon- 
gratulated on a timely and valuable contribution to the power 
industry. 

As pointed out in the opening paragraph, the accumulation of 
foreign metal and metallic oxides on the internal heating surfaces 
of high-pressure boilers has become a source of growing concern 
to the steam power industry in the United States, We at West 
Penn Power Company have been no exception. 

In order to minimize and control this condition a test program 
was set up March 26, 1951, at Mitehell Power Station, a 170,000 
kw steam station in the West Penn Power System. The test pro- 
gram involved the following equipment and procedures 


1 Three boilers, 500,000 Ib steam per hr, 1400 psig drum pres- 
sure, 925 F steam temperature. 

2 Two turbogenerators, two-cylinder, tandem-compound, 
double-flow, impulse-reaction type, 65,000 kw, full-load rating 
81,250 kw, 3600 rpm, condensing-steam turbines. 

Manager of Power Production, West Penn Power Company, 
Pittsburgh, Pa. Mem. ASME. 

®West Penn Power Company 
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Three extraction heaters: 
Monel tubes 
346 F Monel tubes 

admiralty 


(a) High-pressure heater -349 psia 426 1 
(bh) Intermediate-pressure heater psia 
(c) Low-pressure heater —130 psia — 194 I tubes 


Addition of ceyclohexylamine to feedwater system to in- 


crease pH to 8.6. 
5 Study effect. on feedwater flowmeter readings. 
6 Chemical tests on boiler feedwater and condensate. 


The chemicals normally used are potassium hydroxide, potas- 


sium metaphosphate, and potassium sulphite. The chemicals are 


added continuously to maintain in the boiler water a concentra- 


tion of 2-5 ppm POg, 3 5 ppm SO,. The total solids in the boiler 


are maintained below 500 ppm. 
The data in Table 10 of this discussion show the effeet of the 
addition of eyclohexylamine to the feedwater svstem. 


EFFECT OF ADDING CY¢ TO 


FEEDWATER SYSTHI 
Before After 
Date $/26/51 7/19/51 
Sample beedwater Condensate Feedwater Condensate 
Fe, ppm........ 0 08 0.12 0 03 0.08 
Cu, ppm 0 0 01 0 01 


TABLE 10 


feedwater during 
the period of treatment was approximately 52 per cent. The re- 
sults corroborate the test data shown in Table 8 of the paper. 
The amount of copper present in the feedwater system remained 


The percentage reduction of iron (Fe) in the 


substantially the same. 
The effeet of the addition of the eyclohexylamine on the boiler 
feedwater flow nozzles is shown in Table LL of this discussion. 


OF ADDING CYCLOHEXYLAMINE ON 
PEE DWATER FLOW NOZZLES 
errors in feedwater flowmeter readings, per cent 
March 26. 1951 October, 1951 
1 boiler 
2 boiler 5.0 
3 boiler 10 1 


TABLE 11 


The errors as determined by calibration tests on the feedwater 
flowmeters were at times reduced by as much as 50 per cent. 
However, after 3 or 4 months the readings became stable and did 
not vary greatly from the readings given for October, LO51, 

The increase of condensate temperature causing an increase in 
contamination from the alloys tested, as brought out in the paper, 
confirms the results of «a metal test conducted at the Springdale 
Power Station of the West Penn Power Company in 1948 and 
1040, under the direction of Mr, Baker. 
100 F, 250 F, and 430 F was passed over a weighted stainless- 
steel test specimen (18 8 type) for 210 days with the results given 

1 Table 


Feedwater at 


12, herewith. 


FABLE 12 RESULTS ON SPECIMEN OF 


ST 
EEDWAT 


Temperature, 


STAINLESS-STEEL 
PER PLOW 


Loss of metal 
ma dm? day 
100 O42 
250 Oo id 
440 0 127 


Under Conclusions it is stated that, while the initial corrosion rate 
would be high after placing equipment in service, it could be ex- 
pected to decrease progressively to a relatively minor rate. Does 
this mean that, after the period of high attack, the corrosion can 
be ignored? If this is what is meant, we cannot agree as attack on 
the metal in the feedwater system at Mitchell is still a problem 

What conclusions have been reached regarding the use of evclo- 
hexylamine? Is it beneficial? If so, ean it be recommended in 
systems having nickel alloys? 
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C. KaurmMan’ ann A. Yorkarrts.? Gradual loss of metal 
in the extensive preboiler system of the modern power plant is im- 
portant because of the possibility that failures will be produced 
not only in the equipment attacked, but in the boiler too. Be- 
cause little quantitative information has heretofore been availa- 
ble, the factual data in the paper are most welcome. 

Since metal is always dissolved to a greater or lesser extent, we 
are constantly faced with the question of what can be done to 
minimize the damage 

Of particular interest is the effectiveness of cyclohexylamine in 
reducing iron pickup and deposition in the Bremo Station con- 
and in reducing corrosion rates of the 
We have data and experi- 


densate-feedwater cycle 
nonferrous alloys which were tested 
ence confirming this information. 

As at Bremo, added 
plants to minimize condensate corrosion of ferrous metals through 
eyelohexylamine 


eyclohexylamine is ordinarily in other 


increase of pH, At the same time, however, 
gives protection to nonferrous metals. 

In some places where we have recommended cyclohexylamine, 
2-in. X I-in cold-rolled steel test strips and a few 
soft copper strips have been installed in the condensate systems. 
Results of tests which ran for about 30 days at two plants are 


listed in Table 13 of this discussion. 


low-carbon, 


TABLE 13) COMPARATIVE CORROSION-RATE DATA OBTAINE 
TEST STRIPS IN RETURN SYSTEMS BEFORE RING 
TREATMENT WITH CYCLOHEXYLAMIN 
mg /dm?/day Per cent 
During corrosion 
treatment reduction 


Corrosion rate, 
Metal Before 
tested treatment 
Steel 43 
Copper 10 0. 
Steel 103 
Steel 28 
Copper 6 


Type of plant 
Manufacturer of 
electrical supplies 
Producer of 
grain products 


Cyclohexylamine has been especially effective at small cost in 
utility stations such as the Bremo Plant. Plant men and our 
engineers collected data in one station operating at a boiler-drum 
pressure of 1350 psi and a superheated-steam temperature of 925 
Fk. The iron in the feedwater during the first 3 months of treat- 
ment was reduced in one turbine system from 0.16 to 0.06 ppm 
and in the other turbine system from 6.09 to 0.04 ppm. During 
this same period the ammonia in the steam-condensate-feed water 
eyele increased from 0.04 to 0.05 ppm before treatment to 0.06 to 
0.07 ppm after a stable state was obtained with treatment. This 
ammonia increase represented 10 to 15 per cent decomposition 
of eyclohexylamine at the 1350-psi pressure. 

I. H. Kriec.* There has been much concern in the past over 
the effect of copper deposits in boilers and there is much reason 
to believe that such deposits have been the cause of a great deal of 
trouble. Therefore any means to reduce copper deposits is a 
step toward increasing boiler availability and reducing mainte- 
nance costs. This much-needed paper represents a painstaking 
effort to obtain quantitative results and is of such wide scope that 
the challenge of obtaining additional data and even more defini- 
tive results could well be taken up by others in the utility industry 
as well as by the manufacturers. 

Almost every one seems to have a pet corrosion inhibitor, and 
the engineer is beset by the problem of whether to select anti- 
monial, arsenical, or phosphorized admiralty. There have not 
been available too mary data on which to be really sure of the 
selection, In this paper are presented data that will assist in 
selecting heater tubing and this is another forward step in the 
efforts to increase the availability and decrease the cost of main- 
tenance of power-plant equipment. 

7 Hall Laboratories, Inc., Pittsburgh, Pa 

* Consulting Engineer, Stone & Webster Engineering Corporation, 
Boston, Mass. Fellow ASME 
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RISTROPH, POWELL. CONTAMINATION OF 


F. L. LaQue.® 


amount of work and expense that was required to design, assem- 


At the outset we must recognize the prodigious 
ble, and operate the apparatus used in this investigation— we can 
also assume that an equal amount of patience was needed in cop- 
ing with the many experimental difficulties that are bound to 
arise in a study such as this. We must then be grateful to the 
authors for their efforts in throwing light on this important sub- 
ject. 

The factors that determine the rates of corrosion of metals by 
steam condensate are very complex and no doubt vary from day 
to day during normal operations. This is especially true of the 
amounts of dissolved gases present, as noted by the authors, 
Presumably, after sufficient exposure has occurred to permit the 
development of films on the metal surfaces, the amount of metal 
that is acquired by the condensate is determined by the state of 
dynamic balance between the forces tending to remove protective 
films mechanically or chemically and those tending to keep 
It is not surprising, therefore, that 
trends of metal pickup were not consistent and that all the metals 


such films in good repair. 
did not follow the same pattern in this respect. If it were prac- 
tical to do so with the apparatus as set up (or some modification 
of it), to catch the corrosion products for analysis, it would be of 
considerable interest to determine how much of the corrosion 
products existed in an ionized state and how much was present as 
Subse- 
quent effects on the surfaces with which the condensate would 


insoluble compounds in suspension in the condensate. 


come into contact might be quite different, depending on the na- 
ture and extent of these effects and thus an additional basis for 
rating the alloys might be established 

In spite of these natural complenities of the basie problem and 
of the experimental methods used, the data provided appear to be 
adequate to support the conclusions reached by the authors and 
to indicate which alloys will contribute least contamination to the 
water, 

The demonstrated advantage of the presence of iron in the 
cupro-nickel alloys is in line with similar effects in salt water 
and is probably due to an improvement in the characteristics of 
their protective films. A comparison with alloys of still lower 
iron content, e.g., under 0.10 per cent, might have established 
this point even more definitely. 

The basis for the fairly consistent superiority of the arsenical 
admiralty brass over the other brasses is not clear—-especially in 
view of the fact that the presence of arsenic in the aluminum 
brass evidently did not exert « similar effect in improving the pro- 
tective qualities of the films that developed on this alloy, 

The extent of iron pickup from the Type 316) stainless-steel 
coils was indeed surprising in view of the expectation that this 
alloy would be much more resistant to corrosion by the hot con- 
densate than any of the copper alloys. The return to substan- 
tial iron pickup after termination of the sixth run with evelo- 
hexylamine treatment at the Bremo Station indicates that the 
alloy itself was attacked and the iron pickup was not due to some 
initial contamination of the surface of the stainless steel, 

The extent of initial iron pickup from the cupro-nickel and 
Monel coils in the Bremo 10th stage tests is difficult to under- 
stand, It is un- 
likely that it would suffer preferential leaching by the conden- 
Therefore it should have been accompanied by a much 
higher copper pickup than shown by the data presumably for the 
same run in column | of Table 4 of the paper. 
action of the authors in questioning the reliability of their figures 


The iron in these alloys is in solid solution, 
sate. 
This supports the 


for iron pickup from the eupro-nickel alloys 
It is evident that corrosion of iron may be reduced by the use of 
* In charge, Corrosion Engineering Section, Development and Re- 
search Division, The International Nickel Company, Ine., New York, 
N. 
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evelohexylamine with a simultaneous reduction in corrosion ot the 
fact, the data in 
Table 5 on the analysis of the drips from the LOth stage heater 


copper-base alloys the in from 
at Bremo, it seems that this treatment was more effective in re- 
ducing copper pickup from the 70-30 cupro-nickel tubes than in 
reducing iron pickup from the steel in this system, 

From the area exposed in a 50-ft-long test coil, it ean be eal- 
eulated that for a rate of flow of 4.5 tps the rate of solution of cop 
per required to give a copper pickup of L ppb per sq ft in 100 hr is 
about 0.6 mg per sq dm per day. For pure copper this would be 
equivalent to wasting of the metal at a rate of only 0.0001 in, 


per year -for lower-copper-content alloys, the wastage would be in- 


Perhaps these figures could be checked 


creased proportionately 
by assuming, for example, that the 70-30 cupro-nickel tubes in 
the 10th stage heater at 
about 3 mg Cu per sq dm per day (equiva- 


Bremo are corroding at the highest 
rates indicated, e.g., 
lent to5 ppb Cu per sq ft surface in Table 4) and then calculating 
what the copper content of the drips should be in parts per mil- 
This could be compared with the amount usually found as 
While a 


close check need not be expected, any substantial differences in 


lion. 
indicated by the various analyses reported in Table 5, 


the order of magnitude should be significant 


S. T. Powen..” 
new approach they have found to a diffieult problem. 


The authors should be complimented on the 
It is our 
opinion that the method deseribed in this paper may prove to be 
a new and useful tool for the study of minute concentrations car- 
ried in the feedwater supply of high-pressure steam power plants. 

The ingenious use of ion-exchange units to aecumulate copper 
and iron from feedwater samples makes it possible to determine 
the source of these contaminants with an accuracy which has 
never been possible in spot-sampling surveys. It has been our 
experience that even composite samples taken over several hours 
show conflicting results, and that many confirming tests must be 
made to establish trends and the response of the feedwater cycle 
On the other hand, 
change procedure, the quantities dealt with are sufficiently large 


to variations treatment in the ion-ex- 
to give convincing data, and if pickup of metals varies from time 
to time there ts no danger of missing the incidence of high contami- 
nation that spot-sampling might fail to detect, 

The authors discuss the following possible sources of irregular- 
ity in their results: 

Differences in effectiveness of purging resulting from the 10 
to 20-min flushing before diverting condensate flow to recovery 
equipment on analytical runs not immediately preceded by non- 
analytical runs. It has been our observation that it takes from 
several hours to more than a day to purge a system completely 
and reach stable conditions, 

Differences in’ dissolved-gas content of the condensate more 
significant than the spot-test averages of the tabulations would 
difficult: to 
obtain 


indicate. It is just as obtain accurate analyses 


of dissolved gus as it is to accurate analysis of the 


metals recovered by the herein deseribed. 


The 


instruments, for instance, oxygen recorders, hydrogen recorders, 


Ingenious system 


results could be broadened by the use of recording 


and conductivity and pH recorders. In the modern steam-power 
plant, quality of the condensate has improved so greatly and the 
contained solids are so low that flowing samples with a continuous 
record or cumulative samples over a long time period seem to be 
necessary to obtain consistent results 

The authors described, also, how iron-oxide accumulations on 
the boiler feed-pump casings and impellers and other objects have 
caused interference with feedwater flow. We are presently con- 
cerned with several other plants throughout the country in which 
It appears to be rather 


Fellow ASME 


similar observations have been made 


© Consulting Chemical Engineer, Baltimore, Md 
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definitely indicated that a survey and study of such difficulties 
should be undertaken, Meanwhile, it is believed the authors may 
have pointed the way in which some of these studies should be di- 
reeted, 

With regard to the use of eyclohexylamine, we do believe that 
a word of caution is necessary when it is contemplated to use 
The 


use of eyclohexylamine with 


either this or related amines for feedwater treatment. au- 
thor is familiar with two cases of the 
conflicting results. At plant in which extremely careful 


control has been maintained at all times, it is used to raise the 


one 


pH of the feedwater to about 8.5 to protect the preboiler system, 
hot-well, the treatment effected 

The concentrations used have been of the 
the 
control, 


hevinning with the and has 
marked improvement. 
order of magnitude of less than 0.01 ppm. In the other ease, 


amine was used indiscriminately and without suitable 


resulting in attack on eopper alloys. Frequent or continuous 
measurement of pH should accompany the use of any of the am- 
ine series of compounds 

One of our group who has just returned from a Muropean as- 
signment, learned that ammonia was used in German power-sta- 
tion practice when the operators were unable to obtain hydrazine 
Nleva- 


tion of the pHL with ammonia retarded corrosion of boiler stee! 


which previously had been used for chemical deaxeration 


and had no adverse effeet on copper alloys in the feed system as 
entirely Its 
and it should be 


long a8 OXVEen and carbon dioxide were absent, 
application as a panacea ts not considered safe, 


limited to plants subject to thorough chemical control, 
AvuTuors’ Closure 


Limitations on available time made it necessary to interrupt 
the condensate contamination tests prior to securing the full ex- 
aspects of the 


tent of specific information desired: on certain 


metallic contamination problem. However, soon after preparing 
the paper it proved feasible to make another run on the LOth stage 
heater test equipment at Power Station. During the 
interval and throughout the new test run, designated Bremo LOth 
heater test No. 8, 1952, 
hexylamine was continuously present in the plant system on all 
the rate of with this chemical 
being approximately the same as reported for the earlier Bremo 
10th stage test No. 
accord with practice adopted at the beginning of the series, until 


Bremo 


stage completed on October 31, evelo- 


periods of operation, treatment 


heater run 6 recorded in the paper. In 


test work was actually resumed the test coils had remained idle, 


merely flooded with condensate. Rates of condensate flow and 
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ANALYSIS OF DRIPS TO TEST COILS AND RESULTING 
CONTAMINATION 10TH AGE HEATER—BREMO 
POWER ST ATION 


Conductivity, mmho 
pl 
COs, ppm 
Oz, mil/liter 
Temperature, 
Pressure, psi gage 
Cumulative hours... . 
Copper pickup ppb per 
Phosphorized copper 
88-10-2 Cu-Zn-Sn 
Antimonial admiralty 
Arsenical admiralty 
Phosphorized admiralty 
Aluminum bronze 
Arsenical al brass 
90-10 Cu-Ni Fe 
70-30 Cu-Ni Fe 
70-30 Cu-Ni 0.6 Fe 
Monel 
Iron pickup — ppb per sq ft alloy surface 
316 Stainless steel 4 26 0 2.7 


Conductivity per em cube at 25 C 


a Cyclohexylamine added to feedwater with pH controlled at 8.5 ap 


proximately 


other general procedures of the analytical run were essentially the 
for test run No, 8 
The data secured on the new test run are 
as an extension of Table 4, with correspond- 


same as on the preceding seven runs on the 
same test equipment. 


Table 14 
ing data of test Nos. 5, 6, 


entered in 


and 7 made on the same equipment re- 


peated for convenience of reference. The rates of copper con- 
tamination from the different alloy specimens found on the four 
tests are shown graphically in chronological sequence in Fig. 14 
and arranged with respect to character of chemical treatment in 
Fig. 15. Lron contamination from type 316 stainless steel was 
again zero, 

Fig. 14 
graphs for contamination 
of copper-nickel and of nickel-free types to present more clearl, 


the apparent difference in influence upon the specimens of each 


distinetly 
rates from the 


is drawn in two sections, separating the 


nonferrous specimens 


type from the change from the previous normal feedwater treat- 
ment with drips of pH 6.3 -6.7 to evclohexviamine treatment with 
more alkaline drips, pH} 8.5 approximately. It will be noted that 
the response of the alloy specimens of each type on resumption 
of cyclohexvlamine treatment of the feedwater results in seem- 
trends in reference lines, downward toward 
nickel-free 


ingly characteristic 


from allovs and 


Also, 


decrease contamination rates 


among the specimens 


upward from copper-nickel alloys. 
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BREMO 
10™ STAGE HEATER 


2550 - 2650 HOURS 
TEST No.7 


BREMO 
10°" STAGE HEATER 
1600 - 1700 HOURS 
TEST No.5 


veeete 


COPPER-PARTS BILLION per SQUARE FOOT oF ALLOY SURFACE 


90-10 (u-N: O8Fe 


ALUMINUM BRONZE 


ARSENICAL ADMIRALTY 


70-30Cu-Ni-0.4Fe ESS 
90-10 Cu-Ni-O.8Fe ZZ 


PHOSPHORIZED COPPER 


ANTIMONIAL ADMIRALTY 


/0-30 Cu-Ni-0.4 Fe 
PHOSPHORIZED COPPER 


PHOSPHORIZED ADMIRALTY 
ALUMINUM BRONZE 


PHOSPHORITED ADMIRALT 


88 -10-2Cu-Zn-Sn 
ARSENICAL Al BRASS 
70-30 Cu-Ni-0.6 Fe 
ARSENICAL Al BRA 
88-10-2 Cu-Zn-Sn 


ARSENICAL ADMIRALTY 
70-30 Cu-Ni-0.6 Fe 
ANTIMONIAL ADMIRALTY 


Pig. 


of each alloy type there is an exception, phosphorized admiralty 
showing an increase in contamination rate and Monel a decrease 
in contamination rate 

In the paper, attention is called to the very minor decrease in 
rate of copper contamination from Monel following initiation ol 
the evelohexvlamine treatment shown by Bremo test No. 6 and 
to the marked increase in rate of copper contamination from this 
alloy which appears in the results of Bremo test No. 7 after the 
temporary return to the previous normal treatment of feedwater 
On referring back to Table 4, the record of copper contamination 
from Monel suggests that protective-film development on the 
allov under the conditions of test might be highly sensitive to 
small changes in chemistry of the heater drips. It would alse 
appear that the Monel specimen practically devoid of protective- 
film development imparted contamination at only relatively 
moderate rate. Bremo test No. 7 seems about on a par with test 
No Whether test No. S re- 


cords « transient or stable state of film development is of course 


1 in protective-film development 


uncertain from « single test. Further study seems needed for 


confident understanding of the Monel behavior. For the other 
copper-nickel alloy specimens, the records of Bremo test Nos. 
6, 7, and 8 seem to give striking evidence of the temporary per- 
sistence of protective-film effeets imparted by film development 
under particular chemieal conditions or combination of chemical 
conditions followed by impairment in protective effectiveness 
when one of the factors in the original film development has been 
withdrawn. 


nonferrous alloy specimens show apparently permanently per- 


Copper-contamination rates from the nickel-free 


sistent beneficial effeets from use of evelohexvlamine treatment in 
all except phosphorized admiralty and possibly 88-10-2 Cu-Zn-Sn. 
The higher contamination rate shown for aluminum bronze on 
Bremo test No. 8 as compared with test No. 6 seems too slight to 
be of real significance. The authors are without satisfactory ex- 
planation of the behavior of 88-10-2 Cu-Zn-Sn and phosphorized 


admiralty. 
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The paper called attention also to the high iron contamination 
from copper-nickel alloy specimens indicated on the initial run 
on Bremo 10th stage heater test equipment and suggested the 
probability of nickel interference in’ the iron determinations. 
Tests for nickel contamination from the several nickel-bearing 
specimens on test No. 8 showed only traces too minute to in- 
fluence the iron determination at this time, the largest nickel con- 
tamination being from Monel, approximately 0.2 ppb per sq ft 
At the 
contamination rates ranging roughly from 3 ppb per sq ft of con- 
tact surface from the 70-30 Cu-Ni0.6 Fe specimen to 6 ppb per sq ft 
of contact surface from the Monel specimen reported for the 
test No. S on the 
“iron” contamination of condensate from these essentially copper- 
nickel allovs was found to be nil, within the limits of error, except 
for the 70-30 Cu-Ni 0.6 Fe specimen from whieh the iron pickup 
It is 


of contact surface same time, in contrast with “iren”’ 


initial Bremo test run, on same equipment 


found was a little below 2 ppb per sq ft of contact surface. 
thought that in the ease of this 70-30 Cu-Ni 0.6 Fe specimen on 
test No. 8 some small particles of iron oxide must have washed 
through from the heater shell or connecting piping, which seems 
especially likely as the iron contamination shown concurrently 
from phosphorized copper was a little: over 2 ppb per sq ft of con- 
tact surface, from SS8-10-2 Cu-Zn-Sn about | ppb per sq ft of 
and from arsenical admiralty a little below 4 
While the evidence is rather 


contact surlace 
ppb per sq ft of contact surface 
indirect, the authors conclude the “iron’ contamination from 
all relatively high nickel alloys found on the initial 10th stage 
heater test run at Bremo Power Station was chiefly a nickel inter- 
ference phenomenon 

The analyses of drips supplied to the test coils on Bremo test 
run No. &, including the respective “blank’’ concentrations for 
copper and iron, reflect the influence of the continuous presence 
of eycelohexvlamine in the svstem throughout the more than 9 


month interval between completion of test No. 7 and completion 


of test No. 8, aside from an approximately 3 week period for 


| 
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routine overhaul of the main turbine. 
tamination of the stage heater drips as supplied to the test coils 
on the Jatter run was about 0.0029 ppb per sq ft of contact sur- 
face, equivalent to less than 0.1 per cent of the corresponding con- 
tamination rate from the 70-30 Cu-Ni 0.4 Fe test coil. In actual 
magnitude of contamination, this is slightly higher than the 
value for the drips on test No. 6 but appreciably lower than for 
any of the other previous runs on the Bremo 10th stage heater test 
equipment. the heater 
drips was apparently 0.047 ppm, a value close to the average for 
Bremo tests | to 5, inclusive, and for test No. 6 but considerably 


The prior copper con- 


Prior iron contamination of stage 


higher than found for test No. 7. These values for prior metallic 
contamination of the 10th stage heater drips, considered in rela- 
tion to the contamination rates reported from the 70-30 Cu-Ni 
0.4 Fe test specimen on the same heater, seem to indicate (1) 
that significant difference exists between solubility relations of 
ammonia, eyclohexvlamine, and carbon dioxide in the insulated 
coils of the test specimen and corresponding solubility relations 
in the condensed film continually forming on and flowing from 
the cooler heat-absorbing surface of the heater tubes and (2) 
that, as solubility relations for these important gases in’ the 
heater shell and drip piping are probably about the same as in the 
test coils, the actual magnitude of iron contamination picked up 
in the 10th stage heater under the previous normal condition of 
feedwater treatment had not made as significant contribution to 
the total iron contamination accumulated in the condensate- 
feedwater system as that from the lower temperature parts of 
the system in which the solubility of carbon dioxide was higher 

In oral discussion, A. A. Berk called attention to the possibility 
of trouble from breakdown of eyclohexvlamine and from for na- 
tion of an insoluble bicarbonate of that chemical. The authors 
have considered these warning comments rather important in the 
interest. of the prospective user of evclohexvlamine in’ boiler- 
feedwater treatment. Largely from Mr. Berk’s Bureau of Mines 
Technical Paper 714 on the properties of such amines, also from 
the courtesy of other users, the authors have been clearly aware 


of possibilities of adverse results from casual or inadvised han- 


dling of the eyvclohexvlamine treatment. From the authors’ 
viewpoint, adverse results are possible in the use of the majority 
of boiler-water and boiler-feedwater chemicals in high-pressure 
service unless genuine care is maintained. To date, no trouble 
has been experienced in the use of cyelohexvlamine at the sta- 
tions of Virginia Electric and Power Company. 
slight breakdown of evelohexylamine to ammonia was found 


By lowering the 


In one instance 


when maintaining pH 9.0 in the feedwater. 
control point to pH 8.8 the breakdown was decreased from 0.20 
ppm Nil; a negligible value, in the order of 0.05 ppm NH). 
However, no increase in copper content of the feedwater was noted 
during the brief period of the higher ammonia concentration. 
The authors have not attempted use of cyelohexylamine in com- 
hating high dissolved carbon-dioxide content of the feedwater. 
It would seem probable that, under such conditions, deposition of 
eyelohexvlamine bicarbonate might occur, but to date this has 
not been encountered at the power stations of Virginia Electric 
and Power Company. 

The authors are grateful to Mr. Bulow for adding so con- 
structively to the technical interpretation of the test data. They 
do not have the benefit of a subsequent run of 1000 hr on arseni- 
cal aluminum brass in contact with condensate of the lower pH 
range regarding which Mr. Bulow expresses interest but, after 
1300 hy additional exposure to solution flow of pH 8.6 and tem- 
perature of 410 F approximately, the copper pickup found for the 
arsenical aluminum brass coil was 0.21 parts per billion per sq 
ft of alloy surface which, while possibly not yet the equilibrium 
value, is somewhat closer to the leveling-off stage. In the same 


connection, Mr. Bulow’s Fig. 11 points up rather interestingly 
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the greater effectiveness of the pH 8.5 condensate of 408 F, in 
bringing the protective-film development on the specimen previ- 
ously subjected to pH 6.3 6.7 condensate of 412-426 F to about 
the same stage in 750 hr of exposure which would have been had 
by initial and continual exposure to flow of the pH 7.6-7.8 con- 
densate of 367-369 F. It would appear that, in the pH 6.3.6.7 
condensate of 404-426 F, still an additional 700 hr or more would 
have been required to attain equivalent protective development. 
The rapid loss of protective film in contact with the pH 6.4 con- 
densate on changing to the conditions of test No. 7 suggests that 
a difference in film chemistry is required to meet the greater 
severity of the latter conditions. 

From the data of test run No. 8 which have been quoted earlier 
in the closure, the curve for 70-30 Cu-Ni 0.4 Fe expose | to eon- 
densate flow at 410 F and pH 8.5 may level off at a higher con- 
tamination rate than expeetable for the pH 6.4 -6.7 condensate. 
Protective-film development on the arsenical admiralty specimens 
would seem rather sensitive to change in pH value of the con- 
densate, which is another feature on which the authors are glad 
to see Mr. Bulow bring such clear light. The third curve on each 
of Mr. Bulow’s charts, presenting data for condensate conditions 
of pH 7.8 8.3 at 244 248 F, tends to give more prominence to the 
influence of temperature than the charts of the original paper. 
It will, however, be apparent from Mr. Bulow’s discussion of the 
other two curves that difference in pH value may contribute very 
importantly in determining relative position and shape of the 
contamination rate curves, 

Experience at one of the other power stations of the West 
Penn svstem generally similar to that reported by Mr. Drake and 
Mr. Thompson in combating iron-oxide accumulation in the 
feedwater system at Mitchell Power Station was a very important 
factor in encouraging use of cyclohexylamine by Virginia Electric 
and Power Company, and the authors are glad to see publication 
of these valuable data. The inclusion of the data of Table 12 on 
the effect of feedwater flow in contact with 18-8 type stainless 
steel is also a very appropriate contribution, especially as the 
authors are advised in subsequent personal communication that 
the test was made with flowing deaerated feedwater of pH 7.5 
8.5 under conditions which prevented atmospheric contact. 

Mr. Drake and Mr. Thompson raise questions on features of 
the paper some of which had not been made very definite. The 
first seven test runs did not cover a sufficient period of flowing 
contact. of condensate with alloy specimens to show positive 
leveling off of the contamination rates. Test No. 8 has recorded 
effects of further opportunity for protective-film development 
under eyclohexyvlamine treatment in the boiler-feedwater system 
and the results indicate a much closer approach to leveling off in 
contamination rates from certain of the alloys and actual increase 
in contamination from others, The authors’ observations indi- 
cate that cyclohexylamine treatment proves distinctly beneficial 
in decreasing contamination from iron and also from some ot 
the nonferrous tube materials. The authors are far from satis- 
fied that this chemical furnishes a complete answer to the con- 
densate contamination problem, especially with respect to cop- 
per-nickel alloys other than Monel. They are currently of the 
opinion that complete disposal of dissolved oxygen at normal hot 
well temperature is the most urgent of the remaining unsolved 
problems of high-pressure-boiler feedwater treatment. 

The records furnished by Mr. Kaufman and Mr. Yorkgitis 
from results secured in different plants using cyclohexylamine 
treatment of boiler feedwater are also very welcome additions to 
the discussion, ‘The data quoted by these diseussers are in good 
agreement with results secured by Virginia Electrie and Power 
Company at Bremo and Possum Point Power Stations. 

Mr. LaQue refers to the desirability of distinguishing between 
the corrosion products ionized and those in the suspended state in 
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the condensate flowing from the test coils. The information 
so obtainable would undoubtedly be of considerable interest and 
value. To secure the information, however, would have involved 
considerably more work and time than could reasonably be 
arranged. Effort was made to separate the dissolved and sus- 
pended materials, and this was the function of the glass-wool 
filters, but the prime purpose in view was to effect complete re- 
covery of all contained metals. As actually employed, the glass- 
wool filters were found to retain a widely ranging proportion, 44 
per cent to 95 per cent, of the recovered metallic contamination, 
and the proportion retained was not consistent for any particular 
coil or set of coils. The variations were believed due in large 
measure to variations in air content of the filters after the leach- 
ing process and in density attained in packing the glass wool 
Nickel interference in the photometric determinations for iron 
contamination in the condensate from the test coils was suggested 
in the paper as a probable major source of “iron” picked up from 
the Monel and 70-30 Cu-Ni coils on the initial test run. As 
mentioned earlier in the closure, the determinations made for 
test run No. 8 would considerably strengthen the probability 
that nickel interference had been a major factor in the “‘iron’’ 
values questioned, in fact rather indicate that nickel interference 
had been the entire source of the iron. Also, from test No. 8 
the anticipation of the original paper, that the source of “iron” 
contamination from these alloys would be substantially depleted 
in time, would seem quite reasonably fulfilled. 
~The 70-30 copper-nickel of the Chesterfield 8th stage heater 
tubes included 0.03 per cent iron and, in the case of the Bremo 
10th stage heater tubes, the alloy included approximately 0.4 
The admiralty of the Chesterfield 15th stage heat- 


cent iron. 
However, 


exchanger tubes was of the arsenical inhibited type 
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continuity and intimacy of condensate contact with the metal 
surface differ indeterminately and, as pointed out in the paper, 

the relative dimensions of the paths of condensate flow in the 
heaters as compared with the path through a test coil are so_ 
markedly different that quantitatively the contamination rates 
under the test-coil and power-plant conditions are necessarily 

widely different. 
seemed practicable, identical conditions for the several alloys | 


The research program set up, as closely as 


to ascertain comparative contamination rates under these identi-- 
cal conditions. Numerical conversion of specific test-coil results 


to contamination rates expectable in the power plant of different 


undertaken to the knowledge of the authors. 

The potential value of data from more frequent samplings of 
condensate for dissolved gas content for correlation aud interpre- 
tation of the changing contamination rates reported for the dif- 
ferent alloys, to which S. T. Powell refers, is recognized by the © 
authors and, in fact, they believe, can hardly be overemphasized. - 
In the Virginia Electric and Power Company more recent high-— 
pressure plant installations the several recording instruments, 
for dissolved oxygen and hydrogen, conductivity, and pH, men- 
tioned by Mr. Powell, are all included. Also, as will doubtless — 
have been inferred from their response to Mr. Berk’s oral diseus- 
sion, the authors are in full sympathy with warnings of caution 
in application of chemicals to boiler-water or boiler-feedwater 
treatment. This, however, is a matter which seems in need of — 
more general emphasis. 

The recognition which Mr. Krieg, Mr. LaQue, and Mr 
Powell generously accord the effort involved in work of the nature 
and scope which the paper reports is much appreciated by the 


authors. 
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‘ By A. E 


A coal-cutting excavator is described in which trouble 
was encountered with link chains carrying excavating 
The chains were moved by an upper hexagon 
The trouble was 


buckets. 
tumbler driven by an electric motor. 
traced to the link chains passing over too small a deflect - 


ing roller. An investigation into the geometry of the 


problem is presented and it is shown that the mechanical 
three or multibody problem can be reduced to a problem 
in kinematic geometry by eliminating the forces, but re- 


taining their lines of action. A solution for this problem 
is given. The principal object, namely, the derivation of 
the correct dimension for the deflecting roller to prevent 
the troublesome condition that existed, has been solved. 


tions arising immediately 
‘what should its diameter be?” 


INTRODUCTION 


link chain, like that of a bucket conveyer, is to be de- 
ted from its path, rollers are commonly used. The ques- 
are: “Is the size of such roller 
immaterial?” and 
To understand why these questions are being asked, a case 
may be deseribed which the author was called upon to solve a 
long time ago. A somewhat similar case was referred to the 
author recently, indicating that this problem is by no means 
thoroughly understood as vet. It will here be considered with 
respect to the former and rather more spectacular case. 
A European firm of exeavator and dredger 
builders was also building open-pit coal-mining 
For a number of years there had 
At that 


received an order for six 


excavators 
heen no trouble with these latter. 
time the firm had 
such large machines, the rough outline of the 
operating mechanisms of which is shown in 
Fig. | 

Item | is the ear carrying and partly hous- 
ing the operating mechanisms, 2 are its wheels 
and axles with which it travels on rails 3 laid, 
on sleepers 4, parallel to the mountainside or 
coal ledge, from which the coal is to be cut 
M is an electric motor which through shafts, 
couplings, and gears drives an upper hexagon 
tumbler 5, over which link chains 6 run to a 
lower octagon tumbler 7, and from there over 
a deflecting roller 8 back to the upper hexa- 
gon tumbler 5. The two link chains 6 carry 
buckets 9 at every fourth link pair, these buck- 
being open at the back and = part of 
the bottom to allow the coal to be discharged 
from them as they Pass over the upper tum- 


ets 


bler 5. 

On the shaft of the lower octagon tumbler, there is also fixed a 
sprocket wheel 10 which, by means of a link chain 11 drives an- 
other sprocket 12 and by it a shaft 13 located in boom 14 which is 
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(yer 
suspended by blocks and tackles from a tixed boom 15. On shaft 
13, an octagon tumbler 16 is fixed which drives two link chains 17 
that pass over a second octagon tumbler 18 at the top of boom 14 
I:very fourth pair of links of these chains carries a number of 
cutters 19 in a frame, the cutters in successive frames being offset 
with respect to those of the preceding frame to cover the whole 
width between the link chains 
nels so that the cutters can be forced to cut the coal, in strips, 
from the ledge, 20, whence the 
lumps of coal tumble down the mountainside to form a heap 21, 
are scooped up by the buckets 9, which lift 


The chains are guided in chan- 


mountainside coal seam, or 
from where they 
them up and discharge them over a chute 22 onto a belt conveyer 
23. The latter discharges the coal by means of scrapers 24, into 
a discharge hopper 25, traveling on a girder 26 suspended from 
the main structure by framework 27. The traveling hopper dis- 
charges the coal into railway coal cars 28 which are waiting on 
tracks laid parallel to that of the machine 

The driving motor of the operating mechanism and that driving 
the machine along the mountainside were electric motors, the 
former with automatic electromagnetic cutout for preventing 
overloads that might wreck the apparatus 

As will be seen from Fig. 2(a), the tumbler teeth for the link 
chains 6 were formed so as to have plane faces forming an ex- 
tension of the sides of the hexagon tumbler, having no teeth 

When the first machine was erected in the field and was tried 
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out by the ereetor, his report came back stating that it was not 
working properly, and that, in particular, the chain links lifted 
up on the straight tooth faces from the hexagon tumbler sides, 
as shown in dotted lines in Fig. 2(a), and then dropped back 
under the many tons of weight of chains and buckets with a terrifie 
crash, The impact thus produced would have destroved both 
chains and tumblers in a short time. 

It was at this point that the author was called in for consulta- 
tion. Not being able to get any further facets, he suggested the 
obvious, namely, to form the teeth of the tumbler so that the 
chain links would drop onto them properly but could no longer 


slip up on flat surfaces, see Figs 2(b) and (c). It eured this trouble 


~The Motion of a Link Chain Over a Roller a 
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, Hexagon tumbler with straight-face teeth. 5, 
curved teeth 


i Hexagon tumbler with 
c, Curves of modified tumbler teeth.) 


as the chain links did no longer lift up from the tumbler, but the 
report from the erector then stated: “Now the machine does not 
work at all.”’ 
ing continually, throwing out the switch, so that a man had to 


He explained that the automatic cutout was work- 


hold it down all the time in order to let the machine work. 

There was obviously something wrong for which he could not 
account, The chief design engineer, in whose department the 
machine had been designed, was despatched to the site, and re- 
turned seratching his head, but offering no explanation for this 
strange behavior. Next the “General Director’ and the ‘‘Engi- 
neer-in-Chief”’ of the firm went to the site, but returned, likewise 
Then was revealed to the 
author and he was asked to inspect the machine and try to find 


completely baffled the situation 
a remedy 

When the author arrived near the site at one end of a horse- 
shoelike valley, on the other end of which the machine was lo- 
cated and working, he could hear, across the miles of valley, 
the tremendous bangs of the chain riding up on the teeth of the 
tumbler with flat-face teeth, which had been reinstalled in the 
machine, and then dropping back under the heavy weight. It 
sounded like continuous heavy machine-gun fire. Certainly, it 
allowed to continue, this would have destroyed chains and 
tumbler and even the motor and driving gears in a very short 
time, 

After installing the hexagon tumbler with the correctly formed 
teeth in the machine in place of that with straight-face teeth, 
there was no more noise and banging at the hexagon tumbler 
In fact, the chain worked very smoothly on it, although the en- 
However, the 
automatic cutout had to be held down by the erector to let the 


tire driving mechanism seemed to labor heavily. 


machine work. 

These observations suggested to the author that the source 
of trouble must lie elsewhere. The next and most obvious as- 
sumption was to investigate the lower octagon tumbler and the 
chain passing over it, for this tumbler still had straight-face 
teeth. This was not possible directly, because of the large lumps 
of coal which were falling down from the mountainside as they 
were cut by the cutters of the cutter chains, They would have 
killed any one daring to go even near that end. Hence the 
author had a “roof,’’ or shield, on posts built of heavy boards, 
which was carried by four husky men in the nature of protecting 
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roofs when storming a walled city in ancient times. After it 
was completed, it was carried to the outer end with the author 
under it for making observations. Although there was the 
terrific clatter of the chunks of coal falling on to the roof, the 
author was able to observe conditions very well, and after a 
short time came to the conclusion that there was nothing wrong 
either with the lower octagon tumbler and the bucket chains pass- 
ing over it, or with the intermediate chain drive, or even with 
the cutter chains and the octagon tumblers over which they 
passed, 

This left but one place where something might be wrong, 
namely, the point where the heavy bucket chains passed over the 
deflecting roller 8. An inspection there revealed some strange 
noises which could not be recognized and explained immediately. 
Unfortunately, the position of the roller was such that the move- 
This was all 
the evidence the author had to base his investigation on. 

For a full day, this phenomenon baffled him too, but then sud- 
denly he perceived what was happening. 


ment of the chain over it could not be observed. 


MoveMENT OF A SINGLE BarR Over a ROLLER 


~ In order to understand what was taking place, let us consider 
first the movement of a bar, or chain link, over a roller, with 
forces acting on the bar near its ends. This problem involves 
three bodies, the frame containing the bearings for the roller 
shaft, the roller, and the bar rolling on the roller. 
tions of the bar with respect to the roller and to the fixed frame 


are of interest and have to be investigated. 


The mo- 


It is best to idealize the problem by using the skeleton method 
When the bar is moving over the roller, its 
center line through the pin centers touches a circle, the radius 
of which is larger than that of the roller by one half the width of 
the bar, see Fig. 3. Let us designate the radius of this ideal circle 


of representation, 


Position or A Link Passtnc Over a 
Rotter ano Link Rotatine 


with vy and the length of the bar between pin centers AyA, = 6, 
with the force Ff) acting at 1, and the force /’, acting at A, in the 
directions indicated. The reaction of the roller onto the bar is .\ 
and is acting radially from the center O of the roller in the contact 
normal n. but not 
system, it is subject to forces for the determination of its in- 
stantaneous position. In order that the bar be in equilibrium 
under the influence of these forces, it is necessary that the forces 
F,, Fs, and NV must meet in one point D. If they do not meet in 
one point, motion will take place and, if the friction at the contact 
point C’ between bar and actual roller is great enough to prevent 
slipping of the bar on the roller, the roller will start turning and 
the bar rolling on it until it arrives in a position where the three 


As the bar is a restrained, a constrained 
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forces F, Fs, and V meet in one point D. This will then be the 
position of equilibrium for that instant. 

As the bar moves over the roller, its end points A; and A, de- 
scribe involutes relative to the ideal roller circle, see Fig. 4 
When the directions of the forces are not changing, but are only 
shifted parallel to themselves, it is easy to obtain a curve c for 
the intersections D’ of the two force directions f, and f, of Fy and 
Fy, and also curves ¢; and c; for the intersections of the lines of 


DreTeRMINATION oF Position oF SINGLE 
{OLLER 


(a, With random direction of forces. b 
extreme positions of link.) 


action of the forces fy with NV and Fy with N respectively. All 
three curves must intersect in a common point ) which deter- 
tuines the equilibrium position of the bar. Since two of the curves 
suffice for the determination of the equilibrium point J), the third 
eurve may be used as a check on the aecuracy of the drawing 
work. The instantaneous position of equilibrium of the bar is 
obtained by drawing through D parallels to the given directions 
of the forces F, and F,, the parallels meeting the respective in- 
volutes in the end points Ay and A.» of the bar in its equilibrium 
position. 

In Fig. 4(a) the directions f; and fe of the two forces Fy and F 
were chosen at random. It is clear that in the case of a chain 
link, in which the forces are transmitted by the adjoining links, 
the minimum angle between the foree directions will be that 
when the forces, in the extreme positions, pass through the points 
of origin of the respective involutes, tangential to the ideal roller 
circle. In that case the equilibrium position, due to the sym- 
metry, must be that in which the center of the link is in contact 
with the ideal roller circle, see Fig. 4(b). 

In the cases just described, both bar and roller were turning 
about the center O of the roller and, in addition, the bar had a 
rolling motion relative to the ideal roller cirele. On the other 
hand, it may be desirable to obtain the equilibrium position for a 
definite direction of the link, or bar, relative to the frame, or, in 
other words, when the bar and roller move so that the bar is 
translated in its direction only. In this case, the contact normal n 
to the bar has a fixed position relative to the frame, see Fig. 5, 
and the position of the bar has to be found where the given diree- 
tions of the forees Fy and F, both intersect this normal in a com- 
mon point. This is easily obtained as follows: 

Assume, for the same direction of bar A; Ae, a number of positions 
AnAn, AwmAnw,..., see Fig. 5. Draw through these end 
points the respective parallels to the force directions of F; and F:, 
the parallels meeting in points Do, D,, De, . . . which, when the 
directions of the forces Fy and Fy are not changing except for 


Link Passing Over a 


With direction of forces touching ideal roller cirele in 


parallel displacements, lie on a straight line ¢ parallel to A,Ag. 


This line intersects the fixed normal n at a point D which deter- 
mines the equilibrium position of A,A, by parallels DA; and DA, 
drawn to the forces Fy and F; respectively. 

The same would hold true even when the directions of the 
forces were changing. In that case, a curve ¢ would be obtained 
instead of the straight line, but otherwise the solution remains 
similar 


A LINK Passing tN Irs Own 
Over a Rotten 
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Friction between roller and bar can also be considered easily 
by drawing through the contact point C’ between actual roller 
and bar a straight line C’f at an angle w (friction angle) to the 
normal OC’ inclined in the direetion opposite to the motion of the 
bar. It should be noted that the point ©’ lies on the actual roller 
and not on the ideal roller cirele. ‘The point of intersection 1, of ¢ 
with €’f determines the equilibrium position AyyAsy of the link 
in this case, see dash-dotted lines in Fig. 5 

The directions of the forces Fy and Fy, although slightly vary- 
ing in practice, may, in first approximation, be considered con- 
stant or nonvarying except for a small parallel displacement 

Since, in the machine described in the introduction, the veloe- 
ities of the bucket chains as well as of the cutter chains were 
relatively low, no important dynamic forces were set up during 
the motion so that the statie investigation will give approximately 
correct results. 


Movement oF Two Bars, or Links, Over a Rotten 


We come now to the case of two links, joined together by a 
pin, moving over a roller, This problem can be handled geo- 
metrically (graphically) with relative ease, but is difficult to 
solve analytically, except for the case where the directions of the 
forces at the outer ends of the two links are parallel, 

Before making a detailed analysis of the geometry of a pair of 
links moving over a roller under the influence of a pair of forces 
Fy and Fy, of any direction, it is best to get first a general idea of 
what takes place in the simplest case, when both forces Fy) and F, 
are parallel, Although this is a special case, it will serve to illus- 
trate the type of motion encountered even in the more general 
case where the forees may have any feasible directions, 

Using again the skeleton method of representation, explained 
previously, with the Jinks represented by segments of straight 
lines and the roller by an ideal circle of a radius larger than that 
of the actual roller by one half the width of the links, we will 


consider now the various important phases of the motion under 
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the assumption that /, is the pulling force and Fy the resistance 
to be overcome. The links AyAs and AsAyg may be considered as 
part of a chain. 
First Phase 
of the chain has just pulled the link L, 
position (or perpendicular to pull and resistance), as shown in 
Fig 6, while the link Ly = A.A, hangs down vertically under the 
influence of the resistance F,. In this case, we have for the 
condition of equilibrium, with the designations given in the 


Under the influence of the pull the link Ap Ay 
A, A, into the horizontal 


figure 


L being the length of all the links of the chain and ¢ the radius of 
the ideal roller cirele. 

Second Phase. Link AoA, pulls, under the influence of a slightly 
increased force Fy 4+ AF), link Ly = A,A, through a small angle 
The equation ol equilibrium becomes now, see Fig 
Am)) 


(F, + Am) = Fl (r 


or, since Am rAé 


l r(l 


F, + 
r(l Aé) 


AF, = 


which, for AF, O and A@ 0, passes into Equation [1]. 


get also from Iequations [1] and [2] 


[3] 


which equation shows that AF; increases rapidly when A@ in- 
Ccrenses 

Third Phase. When the inclination A@ of link 1; becomes 
large enough to overcome the friction in the bearings of the 
roller and the rolling friction of link L, on the roller, the latter 
rolling on the roller toward the 


will start turning and link L, 


Jeft until an equilibrium: condition is reached. In that case we 


have, see Fig. 8, 


and when 2x! = 


Fourth Phase. As the angle A9 increases still further, link 1, 
rolls further toward the left until link 1. touches the ideal roller 
Then we have, see Fig. 9, 


ily 
Fifth Phase. So tar, only one link has been rolling on the roller, 
From now on two links are moving over the roller. Link L; pulls 
link J. up on the roller and both move together with the roller 
In that case, the ver- 


circle. 


-r) = Fr 


until a position of equilibrium is obtained. 
ticals through A; and A; have from the vertical through O the 
distances p and q respectively, so that we get, see Fig. 10, 


Fip = Faq 


or 
P 
a = = Fi =F, 


There is, however, a further condition that has to be observed, 
namely, that when F; and n,; (the contact normal of link 1;) inter- 
sect in 2,, and when F, and n, (the contact normal of link L.) 
intersect in D., then the three points D,, A», and D, must be col- 
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linear, otherwise equilibrium of the links on the roller would not 
exist. This condition must always obtain when more than one 
link is touching the roller at the same time. 

Sizth Phase. Joint A; arrives in the vertical through O, so 
that A; and Ay have equal distances m from the vertical through 
O. Inthat case, see Fig. 11, 


Fim = 


However, the second condition stated under Fifth Phase 
must again obtain, namely, that the horizontal through A, must 
intersect the force lines f; and f, in 2, and Ds, and these points 
must also lie on the contaet normals mn; and nz of the respective 
links. Tlow this condition can be satisfied in the general case 
will be shown later. For this special case, a simple calcula- 
tion will show how the correct location of the links 1; and Le can 

be obtained 
In Fig. 11 the correct configuration of the ideal roller circle 
and of the links 1; and Ly is shown. The length of the links is / 
and the radius of the ideal roller cirele r, while 6 is the angle 
made by the normals n, and n. with the horizontal through O, 
the center of the ideal roller circle. 
of the figure with respect to the vertical through O, the horizontal 
through A, must meet the foree lines f; and fe in D, and Dz, re- 
respectively, pass through these two 
m, ASO = 2, AC, = AL? = 2. 


Due to complete symmetry 


spectively, and and ne, 
Let AD, 


points. 
Then 


x tg@ 


sin @ 
sin? @ 


Further 
= msin 6 


/ sin 
sin? 


Substituting Equation {10}! into [9], we get 


7? 
whence 
z* + 


This is a cubic equation for A,. Having thus obtained 7, OA, = 
z is found from 

z? = x? + r? [12] 
so that the configuration of linxs and roller is determined. It 
ean also be obtained by determining the angle #. From r = 


x and = sin? 6, we find 


2 2 
sin® 6 + sin? = 


Equations {12} and [13] indicate that the resultant configuration 
can be obtained only from an equation of the sixth degree. 
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Seventh Phase. Fy increases further pulling link Ly = AgAy be- 
yond the position where A, is located on the vertical through O 
A, now lies to the left of this vertical, and the distances of the 
lines of action of forces F; and F, are, respectively, p’ and q’, 
whence, see Fig. 12, 

SOS 


If Fy inereases further, link 1, will finally get into the vertical 
position and link /, into the horizontal position, but so that 
link 1, touches the ideal roller. This phase is the same as the 
first phase, The cycle of motion then repeats itself for every 
new link that mates with the roller. 

If the forces Fy are now compared with the constant resistance 


F,, we get the results given in Table 1. 


COMPARISON OF FORCES Fy WITH CONSTANT 
RESISTANCE Fy 


Pull _ Fi 


Resistance Fy 


TABLE 1 


Phase 3r 


r 
= 


r 
l 
r 


In phase co-ordinates, the curve of variation of the pulling 
force Fy during the passage of one link looks like that shown in 
Fig. 13. On the other hand, if the irregular motion due to the 
movement of the chain over the roller and over a hexagon tumbler 
is taken into consideration, the curve of variation, in time co- 
ordinates for the passage of one link over the roller, looks like 
that shown in Fig. 14.) In both cases, two curves are given, for 
l= 3rand/ ir. 
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The latter figures show that the average pulling force, for 
which, for example, the machine deseribed in the introduction 
was constructed, is indicated by the full line, or the dash-dotted 
line, which are well below the maximum force encountered dur- 
ing the passage of each link. This explains why the automatic 
electromagnetic cutout was tripping the switch continually during 
each passage of a link over the roller 

After having thus, in the simplest case, investigated qualita- 
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tively the events that occur during the passage of each link over a 
roller, the quantitative values have to be determined. In the 
simplest case, in which pulling force and resistance are parallel, 
this offers no great difficultv. The general case, however, is not 
tractable analytically as will be shown. Since the special case 
ean be derived easily from the general case, the latter shall now 


be considered. 
Two Links Passinc Over 
Analysis of the General Case 


Let, in Pig. 15, O be the center of the ideal roller circle of 
radius r, A,;AA, the link system in a random position, moving 
over the roller, being pulled by the force F, acting at A,, and 
being resisted by the foree Fy, acting at Ay. A is the joint com- 
mon to both links. Let C; and C, be the respective points of con- 
tact of the links ZL, 1,4 and Le = AA, with the ideal roller 


eirele, and OC) and OC, the respective contact normals ny and ne. 


Diagram ror ANALYsis of Equitinrium Position oF Aa 
Parr or Links Passing Over a Router 
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In order that the link svstem, that ts, a four-body system, be in 
equilibrium, the forees acting on each link must meet in a single 
point. Hence, if 7) be the foree exerted at A by link LZ, on to link 
1,, and 7; the force exerted at A by link LZ, on to link Lo, and if the 
contact forces exerted by the roller on the two links are, respec- 
tively, Ny and Ne acting along the contact normals OC) = n, 
and OC, = ny, then the forees Ff), Ny, T) acting on link 1, must 
intersect at D, on m, and the forces Fy, No, T, acting on link 1, 
must intersect at D, on ny. Since the two forces 7; and 7 must 
balance one another, they must be equal in magnitude = 7’, 
and must act along the same line ),A D2, but in opposite senses 

This latter condition that the three points 1), A, )) must be 
collinear transforms the problem from a purely mechanical one 
into a geometrical one, for in this necessary and sufficient condi- 
tion, the forees F, and F, do no longer appear, but solely their 
directions. Thus the position of equilibrium must be obtaina- 
ble by purely geometrical means, Le., by kinematic geometry. 

It is obvious that the resultant of /; and F; must pass through 
the point of intersection 7 of their lines of action, and since the 
two roller reactions Vy and Ne, which balance these forces, pass 
through O, the resultant R of F; and F; must also pass through O 


and be directed along JO. Let the perpendicular to JO at O be 
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X,OX,, and let us drop perpendiculars from O on to the direc- 
tions of the forces F, and F2, namely, OB; and OB, respectively. 
Further, let the angles DOB, = a, DOB, = a, BOX, = €. 
and BOX, = ¢€’. The angles made by the lines of action of 
I’, and F, with links 1, and Ls, respectively, are ay and ae, be- 
cause their arms are perpendicular to those of a, and a, respec- 
tively. Let angle AOI = y 
Next, it becomes necessary to determine the direction of the 
line DAD, 
of svmmetry, because the triangles AOC, and AOC, are congruent. 
Thus, if the entire figure be turned out of its plane through an 
angle of 180° about the axis of symmetry OA, the points D, and 
Dz will fall to Dy! and D,’ respectively, while O/ will fall to O17’. 
Thus the line symmetrical to D,A Dz, will be D,/AD.', and the 
angle AOI’ = angle AOI = y. Due to the symmetry, Dy’ 
must lie on OC: produced, and on If now perpendicu- 
lars be drawn to OD, at Dy and to OD, at D,, they will meet OF 
in and Fy respectively. Angle D,k,O a, + € and angle 
a, + Since the angle = 180 (a, + €') 
(a e’’), and since the sum of angles and D,E,0 is 
(a + €') + (a@ 
must coincide in £ on OF, and a circle may then be passed through 
the points O, Dy, having its center O' on Angles 
and ODF are right angles and angles D,OD, and D, ED, are 
supplementary angles. Consequently angle ODA = 
and this must also be the angle AD,’O of the symmetrical figure 
Since angle D,'OX, = a, + €", AD,’ must be parallel to OX,; 
that is, it must make a right angle with O/ at G,. The symmetri- 
cal point to namely, G,, must lie on and the line D, AD, 


In order to do this, we consider the line OA as axis 


+ €'’), it follows that the two points , and EF, 


a, + 


must also make a right angle with O/’. It is now clear that the 
perpendicular to OA at A will be the bisectrix J, AJ, of the angle 
DAG, B, and since the triangles J; AG, and AOG, are right- 
angled triangles, angle J; AG, = angle = = or 
= 2y. 

It is now easy to determine the equal angles DOG, and D.OG, 
which, since angle + €', are v = 90 (a, + 
The angles A, AO = A.AO = 6 and AOG, = AOG, = are also 
found readily. For, if AyOA, be perpendicular to OA at O, angle 
C,\OK, = 6 and angle A\OX, = y, likewise angle (,OK, = 6 and 
angle A,OX, = Since angle X\OK, = X,OK, = 7, it follows 
thatd + y = + €’andé = + from which we get 


where angle + 


@ 


and A,JO = e", it is clear that the angle 
made by the directions of the two forces Fy and Fs is AVA, = 
e' +e" =¢. 

It is, therefore, easy to find the position of the line 1,4), 
In general, they will not be 


Since angle AO 


e’, and e” are known. 
known, however. What is known, generally, are the directions of 
the forces Fy and Fy which may be assumed to be acting always 
parallel to themselves, neglecting the slight angularity varia- 
tion introduced by the varying distances of O from their lines 
of action due to the of the chain links over the 
roller as well as over the pulling and resisting tumblers. The 
position of OA may then be chosen arbitrarily, but the position 
of A on O.1 has still to be determined, as has also the direction of 
OL. 

To elucidate the difficulties, an analytical treatment shall be 
given first which will show why an analytical solution cannot 


when 


movement 


| 
4 A 
j 
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be obtained and why a geometrical solution must be resorted to, 


ANALYTICAL INVESTIGATION 


Let lL be the length of the chain links between pin centers, and 
r the distance of their common point A from the points of con- 
tact with the ideal roller circle of radius r. The angle 6, or z, 
or OA = z are to be determined, as any one of them will estab- 
lish the position of A on OA. 

The equilibrium conditions for AA; and AA: require that the 
sum of the moments of the forces acting on the links, as well as 
the sum of their components in the direction of and perpendicular 
to the links be zero. If AC) = AC, = 2, and A,C, = AC 2’ 


then, since 7; T: 


Fyx' sin ay = Tr cos (a) + €") 
Fur’ sin a, = Tx cos (a, + €') 
F, sin a; + T cos (a, + €") = Ny 
F, sin a, + T cos + €') = 

Fy cos a T sin (a; + €") 


cos = T sin (a, + €')..... 


ay + 
2 


3 = (a, + €’) — (a, + €”) 


From Equations [15] and [19] we get 
x’ tga, = xz cot (a, + €") 


tga lg(a, + €") 


+ tga, tg(a@, + €") 


1 
= 
+ >) tga, tg(a, + €") 


whence 
tgay tg(a, + 


Furthermore 


From Equations [27] and [28] we get 


gir + 


tg6 
1 + tga, tg(a, + €") 


However, we had found from symmetry considerations that 


6+y=zrate’ 
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whence 


or, according to Equation [31] 


If we now put 


= 


tay 
tye’ 
and, temporarily, ty(6 + ¥) = 
we get, from equations [29], [32], [83], and [34] 


+ ¥ 


€') tg(6 — ¥) 
1 + tg(6 + ¥ 


€') — ¥) 


e= 


Since 


wy w v 


ty(6 — = = 
1 + tyd 1+ 


ty(6 + y) -— tge’ 


4+ = = 
1 + tg(d + tye’ 


we get, with 
tgd + tyy 


tg(6 + = = 


from Equation [35] 


tw 
+ yt 1 + wr 


1+ Yt) + wv 
which, after some transformations gives 


wr) wt + wrt 
+ wr)t + w 


+ 1 + — t(w 
Substituting herein Equation [38] 


w+ 


(w?* wr) wt + wet 


wi 
+ wr) t + w t(w 


which, after some transformations, yields 


wr? + 1)t+ wot - p?) 
v2} + + 1-— 


wi (1 + vf) 
e= 
2et + 1 


This, resolved for w, gives 


w(1 + vt) — w? (v? + 1)t + e(2vt + 1 + — v2) 


e(2ut +% —1?) = 0 (39) 


This cubic could be solved if t were known or could be found 
‘Unfortunately, this is not the case as ¢ varies with » and w, that 
is, with y and 6; ¥ itself varies with the relative magnitude of 
the forces F; and F,. Hence an analytical solution does not seem 
feasible, 
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For one special case, however, the foregoing cubic equation can 
be solved, namely, whent = tge’ = 0, ore’ = €” = Oand @ = 0. 
In this case, the directions of the forces F; and F; become parallel 
and ‘y is known or can be assumed; thus » is known and con- 
stant for the position chosen. 
get 


Consequently, we 


ws wre(l uv? -e(l v?) = [40] 


v2) 


r/l and v = tgy are known and w = 
tg6 can be found. 


where ¢ 


tg6 for the 
general case, it would be easy to determine also x 
the distance OA = z. tg6 = 
r/r, we get, by substituting this value into Mqua- 


If it were possible to determine w 
and Since w = 


tion [39], after some simple transformations 


r(vt 
L 
e(2rt + 1 


+ 1)t + e(2rt + 1 — 
e(2ot + 1-— 


x? 


0. [41] 


This is again a cubic equation which could be 
solved were t igy and t = 
hand Since both depend on x, however, a soiu- 
tion is not feasible. Only when t = 0, and ¥ be- 
known, a solution 


tained, for we get then 


tge’ known before- 


comes definitely ean be ob- 


ly? 
z* + z* = () 


[42] 


which cubie can be solved readily. 
Finally, if OA z, then z 

V2 the latter 

stituted for 2 in Equation [41], we obtain a very 


V r? + or 
value be sub- 
complex equation of the sixth degree, but since 
neither (nore is known, it would be of no value. 

If, in the simplified case, 2 were substituted in 
Equation [42], an equation of the sixth degree, 
which is solvable hewever, would be obtained, for 

, for 
we get then 


p? 


(2? 


Az? 
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— 24 |r? + + 22} + — + =O [43] 


This equation of the sixth degree can be solved readily if one puts 
= y. This vields 


- 


1BRIUM or Parr or 


Links Passing Over a 
> 


vil? 
+ - 


) 0. 


which cubic determines y and thus 22, from which z follows directly. 

As will be evident from this investigation, an analytical solu- 
Thus one is forced to 
resort to a graphical solution, which can be obtained rather easily, 


tion in the general case is not feasible 


CiRAPHICAL SOLUTION 


In Fig. 16 let O be the center of the ideal roller circle, r its 
radius, / the lengths ef the chain links between pin centers. 
Let f; and f, be the directions of the two external forces F, and F», 
indicated at center O, F, being the pulling force and F, the re- 
sistance which is assumed to be constant. It will thus be seen 
that if F,’ be a vector of constant length on f. from center O, 
corresponding to the resistance F,, and if f; be the direction of the 


vector F,’, corresponding to the pulling foree F,, then the re- 


_i = 

4 
» 
| 
' » 
a 
4 
= 
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i 
4 
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es 
aA and when we put | 
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sultant vector R will not have a constant direction, but its diree- 
tion will vary with the magnitude of vector F;’. Thus the angles 
e’ and e” will not be known beforehand, as was previously stated, 
nor will the angle y be known beforehand, because the direction 
OT of the resultant R varies. Only one of its arms, OA, will have 
a given position with respect to forces F; and F.. For a graphical 
solution, this latter statement is a sufficient requirement. 
Choose the position of OA. In order to find the correct posi- 
tion Ap of A on OA, mark out a number of points on OA bevond 
the ideal roller cirele, say 1, 2, 3, . . 
tangents to the ideal roller cirele and make their lengths AA, = 
AA, = 1. The end points of these tangents are 1‘, 2’, 3’)... and 
2, ¢; for the end points A, of link 1, and ¢, for the end points A. of 
link Le. 
... for the various positions of link Z,, and ny", ne”, ny” 
positions of link L- 
.. parallels to the direction of F; and through the end points 
tersect their respective contact normals in points 1/7, 2777, 3°", 


Join the points of intersection 1/77, 2°77, 3/7, . 


From these points, draw 


. Which lie, respectively, on the two curves ¢; and 


Next draw the respective contact normals nz’, ng’, 
.. for the 
Now, draw through the end points 1’, 2’, 3’, 


parallels to the direction of F,. These parallels in- 


. of two curves ¢; and ¢4, respectively 
. of one of these 
curves, say, ¢;, with the respective co-ordinated points 1, 2, 3... . 
on OA and let these lines intersect the respective co-ordinated 
. for the link 
intersection will lie on a curve cs, Which meets curve ¢, in a point 
D,. From DP, draw a parallel to the direction of foree Fs, 
to the circle 


contact normals ny", ne”, ng”. . The points of 
which 
intersects curve ¢ in A». The tangent from A>» 
determines the desired position Ag of A on OA 

The proof for the accuracy of the position of point Ay can be 
given in several ways: 

1 Join Dy with Ag and let DoAy produced intersect curve ¢s, 
vielding ),. The parallel to the direction of Ff; through ), and the 
tangent AoA, to the cirele from Ao must meet in the point A, 
which, if the construction were accurate, must lie on curve ¢;. 

2 Or, draw from A» the tangent to the circle, which meets 
curve at A parallel to through A; meets the line D,Ao 
produced in 1), which point must lie on curve c, if the construe- 
tion Is accurate. 

Instead of determining curve cs, a curve ¢s may be obtained by 
reversing the procedure, thus yielding point ),. In two further 
ways analogous to the foregoing, the point A» 
the point J. Thus sufficient checks are available for the correct 
position of 

When the entire construction is repeated for a number of dif- 


may be found or 


ferent positions of line OA, a locus for the points A» during the 
passage of one link pair of a chain over the roller is obtained, from 
which the forces fF, may be found readily. 
plotted in a time diagram for the passage of one link, giving the 
curve of the pull FP; and its variations with respect to the constant 


These may then be 


resistance F, 

The correct time diagram for the variation of the pulling force 
Fy can be determined only when the complete lavout of the drive 
is known, for it depends on the (more or less) uniform rotation 
of the upper hexagon tumbler driven by the electric motor, and 
has to take into consideration the variation of the motion of the 
link chain due to its passage over this tumbler (polygonal devia- 
tion). It will also be seen that allowance -even if only ap- 
proximately can be made for the slight variations of the di- 
rections of the chain pull Ff, and of the resistance F, 
passage of the chain over the upper and lower tumblers and over 


due to 
the roller. Inasmuch as the position “of the chain links and of 
the locus of Ag is not known beforehand, this allowance can only 
be approximate, but will yield the locus of A» with excellent ap- 


proximation. The locus shows there exists an oscillation of point 
Ao with respect to the roller during the passage of the link system. 


There is another way in which to determine the locus of Ag, 
namely, by giving the direction of one of the links, say, of 1,2 = 1 = 
A,A as a tangent to the ideal roller circle, and the directions fi 
and f, of the forces F; and Fy instead of assuming the position 


Fie. 17. AvTerNative Meruop or GrarnicaL DereRMINATION OF 
THE Equiuiprium Postrion or A Pain or Links Movina Over a 
Rouier, One Link Berne tn Its Own Direction 


Fic. 18 Diagram ror ANALYSIS OF THE Position oF 
A Patr or Links Movine Over a Rouver, TAKING Friction or 
THE LINKS ON THE RoLLeR INTO CONSIDERATION 
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of the line OA. In this case, Fig. 17, the link is moved along 
in its own direction thus determining on its directional line 
@ , and Ag: 1, 2,3 The normal 
From the A» points 1, 2, 3, , the re- 
spective co-ordinated tangents AoA, to the ideal roller circle are 
which 


two 
sets of points, A»: 
n”, in this case, is fixed. 
then drawn, yielding for the end points A, points 1, 2, 3, . 
lie on a curve ¢, and to these tangents the contact normals n’: 
1, 2, 3, .are drawn. Through the end points of A,: 1, 2, 3, 

of link Ls, parallels are then drawn to the direction of the force Fs, 
which intersect the fixed in Dy, points 1, 2, 3, .. . 
Through these points and the corresponding Ag-points, straight 
various parallels to Fy, 
These 


Aj-points 


normal n” 
lines are next drawn which intersect the 
through the A, points 1, 2, 3,... 
same parallels to the direction of force F, through the 


in points of a curve ¢y 
interseet the corresponding normals n’ in points of a curve ¢ 
This curve meets curve ¢, in D,. A parallel to the direction of 
force Fy from intersects curve ¢ in the correct point from 
which the tangent to the ideal roller circle determines the cor- 
rect point Ap on the line of link L. and thus the correet point As. 

If the drawing is accurate, the length of link A;Ao, thus obtained, 
must be equal to that of the given link Z,, and the straight line 
from the correct D-point through Ag must pass through the point 

This second deter- 


is sometimes the easier method of 


Allowance for slight variations in the 


way 
mining the locus for 9. 
directions of the forces Fy and Fy again may be made, at least ap- 
proximately. 

The methods described may be used also in the 
desired to consider the friction between the links and the roller 


case when it is 


The “friction lines” deviate by an angle uw from the contact nor- 
mals ny) and mn, and are always inclined in the direction opposite to 
the motion of the links on the roller. Thus, if the point Ay moves 
closer to the center O of the roller, the friction lines are inclined 
toward Ao, but if Ap moves away from the center O they are 
inclined away from A». La the case of the friction lines being used, 
the position of the resultant R of Fy and F, changes its direction, 
as it passes no longer through the center O of the roller, but 
through the point O, in which the two friction lines meet, see Fig. 
18, which shows also the geometry existing in this case. 

Since the points ), and D, now lie on the friction lines, and since 
D,ApD, remains a straight line (neglecting the slight 
friction at the pivot pin Ae) it is still possible to use the methods 
described and shown in Figs. 16 and 17 for obtaining the cor- 
rect position of the point A», and thus the locus for Ao, provided 
the friction lines are substituted for the contact normals. 


the line 


Curr or THE TROUBLE CAUSED BY VARIATION OF Force /, 


The principal question in the problem described at the begin- 
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ning Was not to make a mathematical analysis, but to find quickly 
a remedy for the troublesome condition that existed. 

From the explanations given here, it is obvious that the variation 
in the pulling foree comes about by the movement of the chain 
links relative to the are supposed to be 
guided like or belt over a sheave. When the roller is 
smaller than it should be, this motion is a rather complex motion 
consisting of several separate motions which pass into one an- 


roller over which they 


a rope 


other, namely: 

1 When two links are 
is that shown in Fig. 15 for two links. 

2 When, then, suddenly only one link remains in contact with 


in contact with the roller, the motion 


the roller, the conditions presented in Figs. 4 or 5 prevail. 

Thus there condition to the 
other with an accompanying change in the distances of the pulling 
force Fy and the resistance /, from the center O of the roller 
When the distance of F, is the larger, the force F; has to over- 

hence Fy increases. As the distance of 


is a constant change from one 


come @ greater moment; 
Fy from O becomes smaller until the direction of Ff, touches the 
Ff, becomes smaller and the more so as its distance from O 


This is the condition that existed in the 


roller, 
increases, machine de- 
scribed at the beginning. 

In order to prevent this variation in the pulling foree F or, 
at least, reduce it to a very small and tolerable amount, one has 
to adopt only the following simple rule: 

Rule. To prevent variations in the pulling force, it is necessary 
and sufficient that at least three links, instead of one or two links, 
be in contact with the roller at all times. 

(By thus eliminating the motions of the links relative to the 
roller, wear is also reduced to a minimum.) 

It becomes, now, necessary to establish a relationship for the 
radius of the ideal roller circle so that always three links will be in 
contact with the roller and will be in equilibrium. 

Let, in Fig. 19, r be the radius of the ideal roller circle with 
which three links A;Ae, A243, and AgA,y are in contact. Let the 
angle made by A,A;B with A,A,B be W and the angle made 
by the directions of the lines of the forces Ff; and F; be @. Then, 
there must be 


A 20 = 
Then 


2a, when the angles C\OA, = 
Let, further, (;B = uand A,B = v. 


Also, 
= 


angle () A,B = 
AjOC, =a 


Furthermore 


2iga 


Thus 


1 + cos 2a 
cos 2a 
whence 
1 + cos 2 2¢ 
cos 2a 1— ¢ 
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@ > om 
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@ 
2¢ 


+ cos 2a 


cos 2a | 


¢?) (1 + cos 2a) — 2 cos 2a 


i= ="@ 
rR 


-(1 + £*) cos 2a = 


ta 


cos 2a = sin 


whence 


1 + sin 


With [47], this gives 


whence 


which gives 


It thus becomes apparent that the radius of a trouble-free ideal 


roller circle depends on the angle @ made by the directions of the 


forces Fy and F, and, therefore, can be determined only when the 


exact layout of the chain drive is known 


In the case described 


at the beginning, the angle @ was 130°, and @ 2 = 65°; hence 
2r (1 = 4.52, or the diameter must be 4.52 times the length of the 
link. This was larger than the diameter of the roller that was 
originally installed. After a new roller of that diameter-link 
ratio was installed in accordance with the author's request, no 
further trouble was encountered. 


SUMMARY 


It has been shown that when a link chain is passed over too 
small a deflecting roller, great variations in the chain pull and 
thus in the forces of the driving mechanisms result. The three 
or multibody mechanical problem has been reduced to a kinematic 
problem by omitting the forces, but retaining their directions, A 
study of the geometry of the problem has been carried out which 
shows that an analytical solution is not feasible, but that a geo- 
metrical solution can be obtained easily. Finally, a derivation is 
presented for obtaining the correct minimum roller diameter for 
trouble-free operation. 


Discussion 


H. Canpeg.? In addition to the ingenious solution of a 
puzzling problem and the successful cure of a serious mechanical 
ditheulty, the author's comparison of the geometrical method and 
the analytical method is particularly interesting. It may be well 
to consider what the two methods are, when applied to a problem 
like that of the paper. Perhaps not everyone will agree, but the 
analytical method may be said to mean the following: 

A general equation is set up stating the relations of the varia- 
bles. 

A diagram may be used on which to base the equation, but for 
the most part, the reasoning is by algebraic thinking 

The operations of algebra and caleulus are applied, and the so- 
lution is obtained by manipulating and transforming the 
equation, 

The geometrical method is based wholly on diagrams and 
geometrical constructions 
Determinations may be made by drawing to seale, or exact 

values may be calculated by triangulation, 

The thinking is about geometrical relations, and as in the pres- 
ent case, may involve kinematic geometry 

Conceivably, analytical calculations following the procedure 
illustrated by the successive configurations of points, lines, and 
curves shown in the diagrams of the paper, could be carried out; 
but it looks as if the number of man-hours spent in such a process 
would be prohibitive. Tf one arrived at an answer in that way, it 
would still be by means of geometrical thinking. 

The writer agrees with the author that when the principles of 
advanced kinematic geometry are known and are applicable to a 
problem, they provide a valuable short cut over analytical meth- 


ods 


Auruor’s Closure 


The author would like to thank Mr. Candee for his kind evalua- 
tion of this work and for the general comments he made con- 
cerning the value of geometrical versus analytical methods, It 
might be admitted readily that, had the author approached the 
problem analytically, he would probably never have found a solu- 
tion for it. 

In a previous paper,? the author has drawn attention to the 
fact that machine-design problems should be attacked prefers 


? Mechanical Engineer, Gleason Works, Rochester, N.Y bellow 
ASME 

"What is Wrong With ‘Kinematics’ and ‘Mechanisms’ by A 
EF. Richard de Jonge, Mechanical Engineering, vol OA, 1942, pp 
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bly from a geometrical point of view, because, as stated there, 
“design on the drawing board requires geometrical methods as 
a logical means of approach.” 

It should not be lost sight of, however, that there exist also 
problems, mostly in dynamics of machinery, which may profita- 
bly be solved analytically. Yet, even in that field, there are 
now powerful geometrical methods available which yield solu 
tions readily and with little effort 

Consequently, a clear survey should always be made first to 
determine attack, the geometrical or the 
analytical, is likely to offer the greater possibility of success in 


which method of 
any particular case. 

Although it is often a matter of personal training, and thus of 
preference, which method of attack for the solution of a problem 
is chosen, it still is the author’s considered opinion that no mod- 
ern engineer can afford to study only one of these methods and 
thus become very one-sided, but that every good engineer should 
become proficient in both kinds of methods, geometrical as well 
as analytical, so as to be able to choose, in every case, that kind 
which will lead quickest and with most certainty to a successful 
solution of any particular problem under consideration 
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It is a sad fact that in the United States the education of engi- 
neers is still predominantly analytical and ignores the simple and 
straightforward methods of geometrical analysis developed in 
Europe, particularly in Germany and Russia, which are as yet 
little known and very little studied here. The blame for this has 
been laid on the colleges, but they do not seem to have realized 
as yet their responsibility, nor to have taken steps to remedy 
this situation. We are living in times where it is essential to use 
the simplest and most effective methods, which frequently are 
the geometrical ones, to obtain quickly easily visualizable results, 
thus releasing the brain power of our engineers, and especially of 
the younger ones, for more important tasks. 

However, it is gratifying to know that the author's continued 
efforts during the past decade of advocating the study of geo- 
metrical methods are beginning to bear some fruit if it is per- 
missible to judge from the many letters from individuals and firms 
which he has received, asking for further guidance, information, 
references to the literature, and for actual help in solving some 
of their pressing problems. He feels thereby richly rewarded 
for his attempt to draw attention to a field of engineering science 
which has been very neglected in this country 
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 Effe ct of’ Bates Regener ator Performance 


By D. B. HARPER! ano W. 


A comparison of typical solutions for determining ro- 
tary-regenerator performance is presented. Curves show- 
ing the effect of leakage on regenerator effectiveness and 
plant performance are presented. Specific examples are 
investigated showing the effect on plant performance of 
variations in regenerator rotational speed, matrix length, 
and mass velocity of the gas passing through the matrix. 


NOMENCLATURE 


4 
~The following nomenclature is used in the paper: 


A = total matrix surface area, per side, sq ft . 


A’ = matrix surface area per unit volume, sq ft/cu ft — 
c = specific heat of matrix, Btu/Ib deg F 
C, = specific heat (const press) of gas, Btu/lb deg F 
wire diameter, ft 
f = matrix fraction voids to solid 
7 = mass flow per unit matrix frontal area, lb/hr sq ft 
G’ =G/f 

h = heat-transfer coefficient, Btu/hr sq ft deg F 

k = thermal conductivity, Btu/hr ft deg F 

1 = matrix length, ft 


m = total matrix mass, per side, Ib 
m’ = matrix mass per unit volume, Ib/cu ft 
n = regenerator rpm 

p = pressure, psf - 

r = compression ratio 6 

S = matrix frontal area, sqft | 


w = mass rate of flow, lb/hr 
W = eycle work output Btu/Il 
= time period, hi 


reduced length 


reduced period = 
mc me 


Ne = regenerator effectiveness = tar) /(tgr lay) 
Nmax = Maximum plant efficiency at On/or = O 

= compressor efficiency 
turbine efficiency 


 Ap/p=2 P tor pressure-drop in piping, combustion chamber, 


and regenerator matrix 
= regenerator leakage rate, lb/hr 


il 


gas or air temperature (see Fig. 4) 
INTRODUCTION 


The efficiency of a simple gas-turbine plant can be increased 
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t 
MASS. 


by using a regenerative eycle in which a heat exchanger is used to 
transfer heat from the hot turbine-exhaust gas to the cooler com- 
Fig. 1. 
changer considered for gas-turbine 


pressor-discharge air, Generally the type of heat ex- 
applications has embodied a 
These have 


arranged for either 


stationary wall separating the hot and cold fluids 
commonly taken the shell-and-tube geometry, 
countertlow or crosstlow passes. 


ExHausTt 
te 
REGENERATOR ie = 
COMBUSTION 
CHAMBER 4 


[= 


COMPRESSOR TURBINE 


ELECTRIC 
GENERATOR 
INLET => 


MATRIX 


The suggestion that a rotarv-type regenerator, similar to the 


Ljungstrém air preheater, be used as a gas-turbine-plant regenera- 
attributed to Ludolf Ritz (1).* 
In this particular illustration the re- 


tor is generally Fig. 2 shows a 


possible arrangement. 
generator consists of a compartmented rotor disk to carry the 


energy-storage material (or matrix), a system of sealing shoes 


bearing against the rotor faces, and the necessary ducting to con 
duct the flow of gases. The rotor compartments together with 
the sealing shoes prevent the direet flow of the high-pressure air 
into the low-pressure gas stream, but allow the free flow of air 
and gas in their respective paths. The matrix elements, which 
are carried in the rotor compartments, have thus been separated 


from the pressure-retaining components of the regenerator and 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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can take on any forys which gives the required heat-storage 


characteristics in combination with a sufficiently small pressure 
drop. The matrix elements may consist of packings of wire mesh 
or expanded metal og yarious arrangements of corrugated sheet 
metal. As the rotor rotates, heat is transferred to the matrix 
while in the exhaust-gas stream and heat is transferred from the 
matrix while in the cooler compressed-air stream. ' 

The principal advantage of the rotary regenerator is the possi- 
bility of designing a more compact unit than is possible with the 
conventional shell-and-tube or plate-fin stationary surface type. 
Caleuiations, such as those of Cox and Stevens (2), show that as 
passage diameter is reduced to very fine dimensions, heat- 
exchanger volume, for a given effectiveness and pressure drop, 
can be reduced appreciably. The matrix of the rotary regenera- 
tor can be finely divided, without structural difficulty, and the 
resulting matrix volume may be one tenth or less than the corre- 
sponding tube-bundle volume of a conventional heat exchanger. 
The sealing and ducting arrangements, and so on, especially for 
multidisk regenerators of larger capacities, would occupy a con- 
siderable volume but indications are that a regenerator could be 
built to occupy perhaps '/; or '/, of the volume of a conventional 
heat exchanger. 

Inherent in the operation of a rotary regenerator is a leakage of 
some of the high-pressure air into the lower-pressure turbine- 
exhaust-gas side 

Lenkage will occur at the seals owing to constructional diffi- 
eulties and thermal distortion. As these seals are present on 
each side of the rotor, cold air will leak into the cooled gas stream 
and will not pass through the matrix; and heated air will leak 
into the hot gas stream and return through the exhaust side of the 
regenerator. In addition to seal leakage there is the positive- 
displacement or “let-down”’ loss of compressed air trapped in the 
matrix compartments as they pass the seals inte the gas side. 
The let-down loss will be proportional to matrix rpm, and to the 
pressure ratio across the regenerator. The seal leakage may be 
considered essentially independent of rotational speed but will 
depend on pressure ratio, 

The purpose of this paper is to investigate the effect of leakage 
and pressure drop in a rotary regenerator on gas-turbine-plant 
performance, and to illustrate the effect of the regenerator dimen- 
sions: length, cross-sectional area, and rotative speed on the 
regenerator and plant performance, 


Paramerers AFFECTING REGENERATOR PERFORMANCE 


The theoretical analysis of heat-storage regenerators has been 
carried out in many forms. Beeause of the continuous reversal 
of flow and the number of possible parameters to be included, 
complete solutions of the problem are very complex. Four of 
the simplest solutions for regenerator effectiveness are listed here 
to indicate the ty pe of result obtained 

The principal parameters obtained are the reduced length (or 

There is a value of A 
The following approxi- 


surface) A and the reduced time period a 
and am for both the air and gas passes. 
mate solutions neglect the effects of longitudinal conduction and 
: 0, Le 
when the heat capacity of the gas passed per period is much less 


leakage. The simplest of the solutions assumes m/A 


than the heat-storage expacity of the matrix. By defining an 
over-all transmittance for the regenerator and using mean tem- 
peratures of matrix and fluids, the effectiveness for this limiting 
case is found to he 


(1 


A further approximate solution, generally attributed to Rum- 
mel (3), which uses an over-all transmittance but makes allow- 
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ance for transverse conduction ean be obtained, for (we, 0). = 
(we, 9), in the form 


1 
NR 


(u Cy Aim 
2.5K pAX8, + 


A solution of Tipler (4) assumes linear temperature gradients 
and takes the form 


= 


coth i; 4 + eoth (, 


An iterative solution of the general differential equations, 
assuming perfect conductivity in the matrix perpendicular to the 
flow, has been made by Saunders and Smolenieec (5) for the case 
A, =A, 
reproduced in Fig. 3(a). 


and mw, = m,. Their result for a range of A and 7 is 
The results of Equations [1], [2], and 
(3) for A = 5, 10, and 20 have been compared with this solution 
in Fig. 3(b), the last term of Equation [2] being neglected as is 
valid for large A/m. 

From inspection of Fig. 3(a) it can be seen that for high values 


of regenerator effectiveness, A must be large and 37 small. This 
100 
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suggests the use of a short period 6 (i.e., high rpm); however, the 
let-down loss of compressed air carried in the matrix cells in- 
creases with rpm. This let-down loss together with the seal 
leakage will reduce the efficiency and specific work output of the 
gas-turbine plant. The leakage of air is thus a parameter in the 
design of the regenerator and of the complete gas-turbine plant. 


Errect oF LeakaGe ON REGENERATOR EFFECTIVENESS 


The calculated values of regenerator effectiveness illustrated in 
Fig. 3 have been obtained assuming no leakage of air into the hot- 
gas stream. For analysis of the leakage effect, half the let 
down Joss may be added to the leakage at each seal, and be 
assumed to have the same temperature as the air at the seal faces 
of the rotor. This assumption will not introduce much error as 
the let-down air temperature will range 
ture at the cold-seal face to that at the hot-seal face. 


rom the air tempers- 


(a) ASSUMED LEAKAGE PATHS © 
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MATRIX 


nl 
+. * 
Go 
2 


w-! 


count 
SEAL 


2 
SEAL 


(p)GAS SIDE OF HOT SEAL 
Sw 


2 


Fic. 4 


w-4w 


LEAKAGE ASSUMPTIONS 


Fig. 4(a) shows schematically the manner in which leakage has 
been assumed to occur. The effectiveness of the regenerator has 
been defined as 


[4] 


With reference to Fig. 4(a), the regenerator effectiveness with 
leakage accounted for must be defined as 

tat 

ter 
E-quating enthalpies on the gas side of the hot seal, Fig. 4(4), with 
the assumption of constant specific heat gives 

1 Aw 


2 fos 


ROTARY REGENERATOR 


GAS-TURBINE-PLANT PERFORMANCE 


From Equations and 


tai) 


NR = (tea 


tar ) 


Using Equations [4] and [6] in gives 


2 (1 Aw ‘w) 


"R 2(1 + (Aw Ne) 


Thus the correction to calculated regenerator effectiveness for 
the effect of leakage is given by 


— = 
2 — (Aw/w(l + 


@ 


CORRECTION 


20 ao 60 60. 
CALCULATED EFFECTIVENESS 9, % 


bia or LeaKace ON ReGeNERATOR 


Fig. 5 is a plot of Equation [9] for various values of np and 
Aw w and shows the magnitude of the correction to be small 
Thus the effect of leakage on the effectiveness of the regenerator is 
This results from the definition of regenerator 
effectiveness being based upon temperature only. For this reason 


hot serious. 
rotary-regenerator performance must be defined to include both 
temperature effectiveness and a Jeakage-loss parameter 


oF LeakaGe AND Pressure Dror on PLANT PeRrorM 
ANCE 


Caleulations were performed employing perfect-gas relations 
and constant values of specific heat to illustrate the effect of 
leakage and pressure drops on gas-turbine-plant performance 
For these calculations a turbine plant with 60 F inlet air, 1500 F 
turbine-inlet gas, compressor efficiency 85 per cent, and turbine 
efficiency of 88 per cent has been assumed. 

For a regenerative gas-turbine cycle to be considered, thermal 
Thus the 
evecle will be designed to operate at or near the point of maximum 
The compression ratio for maximum cycle efficiency 


efficiency must be one of the most important factors. 


efficiency. 
is dependent upon regenerator effectiveness, pressure-drop loss, 
8, and 9 show the effect of these 
1 at the maximum 


and leakage loss. Figs. 6, 7, 
parameters on the gas-turbine eycle of Fig 
thermal-efficieney point. 
pressure-drop parameter Ap/p must be interpreted as 2(Ap/p) 
of the ducting, combustion chamber, and the drop through the air 


For interpretation of the curves the 


and gas sides of the regenerator. 

Figs. 6 and 7 show maximum cycle efficiency versus regenerator 
effectiveness for a range of pressure and leakage loss. Curves of 
the corresponding compression ratio for maximum efficiency have 
been superimposed. Figs. 8 and 9 show cycle work output at 
maximum efficiency versus regenerator effectiveness for the same 
range of parameters. Curves of maximum efficiency and the 
corresponding compression ratio have been superimposed. 
Thus for a given regenerator effectiveness, parasitic pressure loss, 


and leakage loss, the eyvcle work output at maximum efficiency, 
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the maximum efficiency, and the required compression ratio for 
maximum efficiency can be found immediately. For regenerators 
of high effectiveness the point of maximum efficiency occurs at a 
low compression ratio which is advantageous for reducing the 
leakage loss in the regenerator. However, the specific work out- 
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Work at Maximum Cycie Erriciency; Ap/p = 
0.10 


put of the evele%is seen to be low. Reheat and/or intercooled 
compression could be used to increase the work output, while 
maintaining the required thermal efficiency and the desired low 
compression ratio to reduce the leakage effects in the regenerator. 

Reference to these that 
greater effect on plant efficiency and work output than either 
Thus the degree to 


curves shows leakage loss has a 
pressure loss or regenerator effectiveness 
which leakage can be reduced in the rotary regenerator will be a 
measure of how successful this type of heat exchanger will be 
when applied to the gas-turbine plant. 
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kerrecr OF REGENERATOR DIMENSIONS ON PLANT PERFORMANCE 


The previously calculated curves may be used to investigate 
the effect of the quantities 1, G, and n on plant performance. 
These quantities might be interpreted as regenerator dimensions 
since lis the matrix length, G the mass velecity which is a measure 
of matrix cross-sectional area, and n the rotor rpm is a meas- 
ure of the period @, a time dimension associated with regenerator 
operation. 
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hia. 


To illustrate the effect of these quantities on plant performance 
a calculation was made holding all of these quantities constant 
except one which is allowed to vary from its magnitude at some 
arbitrarily selected operating point. In each of these calcula- 
tions the same type 07 matrix is assumed, and a constant plant 


Then A’/C, and A’ 


mc are con- 


power output maintained 
stant in magnitude. 

In order to relate the calculation showing the effect of the 
quantities /, n, and G, each calculation was made arbitrarily to 


pass through the conditions at A = 5, 7 = 4, Ap/p = 0.10, and 
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Aw/w = 0.05. At these conditions with f, = 60 F, 4 = 1500 F, assumed not to increase the let-down leakage. This assumes the 
n. = 0.85, n, = 0.88, the following results are read from Figs. actual matrix length is being varied within a rotor compartment 
3(a) and 9: npg = 0.67, nmax = 29.1 per cent, r = 4.7 at max, Of fixed length. Thus for constant n, the leakage doesn't change 
and work output is 51.2 Btu per lb at max. if the effect of slight changes in pressure ratio on leakage are 
Effect of n. To investigate the effect of changing the rotational neglected. The curves in Fig. 11 may be drawn by matching 
speed of the matrix on the design point performance J, G, and — points on a vertical = 4 line in Fig. 3(a@) with points at corre- 
Ap/p were held constant. If Ap/p is taken as 0.10 then Fig. 8 — sponding values of ng and Ap p in Fig. 9 (curve 6) assuming 
may be used along with Fig. 3(a) to make the calculations Aw/w is constant at 0.05. As / changes, Ap/p changes in direct 
The heat-transfer data for matrices are correlated (6) by proportion to /. Allowing 0.08 as App for all piping and com- 
bustion chamber and 0.07 for the regenerator at the reference 

10] point; then the total = 0.08 + 0.07 (A/5) 


Then for this case A is constant; so \ is alsoa constant. For this 
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COND!TIONS 


study select A = 5, and take Aw/w for the seal leakage = Aw/w 
for the let-down leakage = 0.025, that is, a total Aw/w = 0.05, 
when wt = 4. Let seal leakage be unaffected by n and propor- 
tional to (r — 1) but let let-down leakage be proportional to n 
and () 1). The curves in Fig. 10 then may be drawn by 
matching points in Fig. 3(a) along the A = 5 line with points at 
corresponding values of ng and Aw/w in Fig. 8 (curve a). The 
results in Fig. 10 are plotted against (1/m), which is proportional 
to n since (Ak/me) is constant in this calculation. 

Inspection of Fig. 10 shows plant efficiency going through a 
maximum value because as n inereases the let-down leakage in- 


Ww, WORK OUTPUT (8TU/LB) 


AT 


creases continuously and the regenerator effectiveness np ap- 
proaches a maximum value. Note also that as n increases the 
specific work output (Btu/Ib) decreases owing to the leakage 
effects. Then for the same power output a larger rate of flow is 
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The curves in Fig. 11 show the matrix volume increasing al- 
most linearly with /. The departure from linearity results be- 
cause the volume was corrected to constant work output at the 
reference point.  Design-point cycle efficiency increases because 
Nk increases with 1. As / continues to increase, evele efficiency 
levels off and will finally decrease because of the effect of the in- 
creasing Ap p. 

Effect of G. With Land n (or 4) constant, neither A nor 7 is 
constant, but since from Iquation ~ A and 
n ~ G7 Hence as G from its magnitude at 
the reference point, A and a follow curve (c) as shown in Fig. 
3(a). In this ease Ap/p for the matrix is assumed to be pro- 
portional to G@ (reference 7); hence since Ap/p = 0.10 at the 
reference point and the Ap/p = 0.03 for piping and combustion 
chamber the total Ap/p 0.03 + 0.07 (9/4). Proceeding as 
before with Figs. 3(a) and 9, the results shown in Fig. 12 may be 
obtained and plotted against w? since mw? ~ G@ for this case. Also, 
with constant J and nearly constant work output per pound of 
fluid, @? is approximately inversely proportional to the cross- 


changes 


sectional ares 

The design-point evele efficiency decreases as G increases be- 
cause regenerator effectiveness decreases and Ap/p increases 
Also, the matrix volume is approximately inversely proportional 
to G. 


CONCLUSIONS 


This analysis of the effects of the performance of a rotary 
regenerator on gas-turbine-plant) performance indicates design 
conditions that the regenerator must fulfill in this application. 

The effect of leakage on the temperature-based regenerator 
effectiveness has been shown to be small Iiven if the leakage 
distribution were more unfavorable than that assumed in the 
analysis, the effeet could not exceed twice that indicated by Fig 
5 

The direct effects of leakage, pressure drop, and regenerator 
effectiveness on plant) performance at the maximum efficiency 
point as shown by Figs. 6,7, 8, and 9, illustrate the importance of 
the leakage. 

The effect of the regenerator n, 
Figs. 10, 11, and 12.) An optimum regenerator rpm at which 
plant efficiency will be a maximum has been shown to exist 
There is also an optimum regenerator length, for a given matrix 
design, beyond which the regenerator size increases rapidly and 


and S has been shown by 


plant efficiency increases very slightly. 

The curves resulting from the present analysis are representa- 
tive of the family of curves which would cover all reasonable de- 
sign conditions. In the analysis, heat-transfer and flow-friction 
characteristics for matrices had to be assumed as did the range of 
pressure drop and leakage Joss. However, the arbitrary refer- 
ence point used in preparing the curves in Figs. 10, 11, and 12 is 
within the range of practical interest. Trends similar to those 
shown in these figures would be observed for specific matrix 
characteristics and for other ranges of the variables. 
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Discussion 
Davip Aronson.* This paper is an exceptionally clear and 
simple presentation of a complex topic. 
details of the paper is given from the standpoint of industrial gas- 
turbine applications where a regenerator must have at least 80 per 
cent effectiveness and preferably 85 to 90 per cent to compete 
with a more conventional recuperator of tubular or extended-sur- 


Criticism of some of the 


face design. 

From that standpoint, the choice of a combined leakage (let- 
down plus seal leakage) of 5 per cent limits the applicability of the 
paper, Likewise, the choice of a pressure-drop ratio of 10 per 
cent is beyond the optimum for gas turbines using regenerators of 
85 or 90 per cent effectiveness. The usefulness of the paper 
would be extended if the authors were to indicate curves for zero 
leakage and zero pressure-drop ratio so that interpolation could be 
made readily. 

Curves in Figs. 6, 7, 8, and 9 show the effects of leakage and 
pressure drop on plant efficiency and work output. In the range 
of high regenerator effectiveness, the effect of a 1 per cent pressure 
drop is about equivalent to 1 per cent leakage as regards plant 
eflicieney, although the authors’ comment is that the effect of 
leakage is much more serious. This conclusion is, however, appli- 
cable to work output. 

The writer also disagrees with the remarks about the curves in 
Fig. 3(a) of the paper. For high effectiveness high values of A 
are required, but there is considerable latitude in the selection of 
the value of mw, reduced period. For example, at 85 per cent 
regenerator effectiveness one could choose a value of A equal to 
15 which means a reduced period of 9, or a value of A equal to 12 
which means a reduced period of 3. Hence a threefold change in 
the value of w corresponds to only a 25 per cent change in A. Of 
course if one were to use the equation of Rummel, shown as a 
dashed line in Fig. 3(6), the effect would be more pronounced. 
liowever, the conditions used by Rummel are not applicable to 
the type of regenerators considered in present design studies for 
industrial application. They might cover porous sheet metal of 
high conductivity 

The conclusion that leakage has a negligible effect on the 
temperature effectiveness of the regenerator simplifies the analy- 
sis. If the authors could now show us how to combine the effect 
of pressure-drop ratio with leakage ratio for a given cycle, the 
comparison of regenerator with recuperator design would be 
simplified greatly. 

The indications that high plant efficiency is associated with low 
compression ratio arises from the selection of a cycle without 
intercooling. The authors might be able to show that the com- 
pression ratiois applicable toanintercooled cycle, but that the ratio 
is that between stages of intercooling. Of course work-output 
figures would no longer be applicable 

The present paper is undoubtedly entirely adequate for the pres- 
ent stage of development of the rotary regenerator. As design 
improvements are made, particularly in the matter of sealing, then 
further refinements in the study may be justified. 


‘Engineering Specialist, Worthington Corporation, Harrison, 


N. J. Mem. ASME. 
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CLOSURE 


In this paper the assigned magnitude and range of regeneration 
effectiveness, pressure-loss ratio and leakage-loss ratio were 
chosen to illustrate the effect of these quantities rather than as a 
design study for a particular case. Mr. Aronson, however, sug- 
gests using higher regeneration effectiveness values, In certain 
applications where severe space limitations exist, such as the gas- 
turbine locomotive, a regenerator with 70 per cent effectiveness 
would be acceptable if the size and installation requirement could 


REGENERATOR 


GAS-TURBINE-PLANT PERFORMANCE 
be met. The two existing Brown Boveri gas-turbine locomotives 
with conventional crossflow tubular exchangers have been re- 
ported to have a regenerator effectiveness of the order of 40 per 
cent. In any event our purpose is to show trends, not to present a 
design study 

The suggested possibility of a combined pressure-drop and 


leakage-loss parameter for comparison of rotary regenerator and 


recuperator design should be given consideration in future investi- 


gations, 
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The Rotary Regener 


By A. T. BOWDEN! W. 


AND 


After some brief definitions, the paper deals with the 
influence of a regenerative air preheater on the perform- 
ance of a simple open-cycle gas turbine, and formulas 
are given to show this influence, as well as the connection 
between the regenerator dimensions and the condition of 


minimum fuel consumption. ee 


NOMENCLATURE 
The following nomenclature is used in the paper: 


Subscripts: 


= inlet position (of matrix 

= outlet position (of matrix) 
gas 
air 
gas side 
air side 
matrix 


perties of Gas and Air: 
temperature (degree temperature) 
(T: temperature rise of air 
(7, 7, difference between inlet temperatures 
pressure (weight /length?) 

second (weight ‘time ) 


mass-flow per 
area (length?) 

viscosity (weight, time /length?) 
acceleration due to gravity Cength/time?) 
gus constant (length ‘degree temperature) 


heat (heat /weight temperature ) 


specific degree 


Dimensionless Groups 


Nu = 
Re = 
Pr = 
Crs = 
me * 


Nusselt number 
Reynolds number 
Prandt! number 
resistance coefficient, referred to surface 
degree of conversion 
influence of contact time 
influence of heat conductivity | 
™.« = influence of inlet conditions 
Nr = temperature efficiency 
Np = pressure efficiency 

= mass flow efficiency 

power output efficiency 

ny = heat input efficiency 
Properties of Matriz: 


Ay = area of matrix (length?) 
— ~ 
1C, A. Parsons & Company, Limited. 
Contributed by the Gas Turbine Power Division and presented at 
the Annual Meeting, New York, N. Y., November 30-December 5, 
1952, of Tue American Society or MECHANICAL ENGINEERS 
Notre: Statements and opinions advanced in papers are 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME. Headquarters, Septem- 


her 26,1952. Paper No. 52--A-74. 
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(Aas + Ags) initiat (Total) specific (initia) 


(W, + W,) area of matrix ¢ 
(length?, time /weight ) 
height of matrix (length) 

hydraulic diameter of matrix (length) 

specific weight of matrix (weight /length*) 
permeability (transflux initial area) 

air-side area 


gas-side area 
number of gas (or air) sides 
rotor speed, rpm 
volume (length®) 


14 “Us ) 
uk uRT 
2 

+ 


Functions: 


fA P) 


"5 (where pressure in space be- 
tween rotor and stator is low, 
like gas pressure ) 


?) 


like 


air pressure ) 


Remarks: 


main assumptions regarding the formulas 
given: 

(a) Specific weight (mass) flow and specific heat of gas and air 
about the same. 

(b) Laminar flow in the matrix, Equations [4] to [7]. 

(c) Seal with (or labyrinth seal), 
{11}. 


The mathematics have been kept as simple as possible so as to 


“rough” surface equation 


show various influences involved. 

The constants in Equations [4], [5], [11], and [12] depend on 
1 } 

and time introduced. 


shape of (laminar flow) 


the system of units for weight, length, 


Conste is additionally governed by 
channels of matrix. 

Const, is additionally affected by kind and effective tightness 
of seals. 

Const, is in addition to be computed from reference (8)? (see 


Bibliography ). 
DEFINITIONS 


To prevent any misunderstanding in the interpretation of 
certain terms, a few brief definitions may be appropriate 

As regards the actual heat exchangers, the term “recuperative’’ 
is given to the heat-conducting, continuous-flow type, and ‘“‘re- 
generative” to the heat-accumulating periodic-flow type 

To keep -vithin a reasonable compass, discussion is confined to 
the rotary type of regenerative heat exchanger (Ljungstrém type) 
(1),? although several of the problems discussed could apply 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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equally well to other types. To narrow down the field still 
further, this paper will be concerned with a regenerator used as 
the air preheater in a simple open-cycle gas turbine. However, 
the conditions relating to working temperature, temperature and 
pressure gradients, and other factors are so severe that they may 
cover several other applications beyond the gas turbine. 

The part involved in the exchange of heat is termed the 
“matrix,” and this definition is fairly straightforward in so far as 
the recuperator is concerned, With the regenerator, however, the 
parts impinged upon periodically by the two heat-exchanging 
guses share in the exchange of heat, which means not only the 
matrix designed for the purpose, but other parts of the rotor as 
well. The effect of these latter parts, however, is usually negligi- 
ble compared with the former. 
of the matrix is meant its maximum area 


” 


By “initial area 
measured perpendicular to the direction of flow (just before the 
yuses enter and after they leave the matrix), and by ‘‘height’’ its 
dimension in the direction of flow, The “transfluy area’’ is the 
minimum area of flaw between the bodies forming the matrix, 
When 


‘specific area’’ the (initial) area referred 


and its “permeability” is the ratio transflux /initial area. 
reference is made to the ‘ 
to the unit mass-flow per second of the impinging gas, is indicated. 
The sum of the initial areas on the air and gas sides referred to the 
sur of the mass-flow per second of the air and gas, is one of the 
most important characteristics of the regenerator. 

Use is made of the nondimensional method of representing the 
thermodynamical relations governing the heat transfer and the 
resistance in the air preheater and linking these properties with 
the thermodynamical properties of the other components of the 
gas turbine. For this purpose a distinction is made between the 
“internal” and “external” efficiencies of the air preheater. 

The internal efficiencies are defined as follows 


AT 


(a) Temperature efficiency = np = 
as a measure of the temperature gain (loss) occurring in the rotor 
(matrix). 

P, 


= 1p {2] 


(b) Pressure efficiency 
P, 


as a measure of the pressure loss caused by both the rotor and the 
stator, 


W, 
(c) Mass-flow efficiency = ny = 
1/ sec 


as a measure of the mass-flow losses caused by the clearance be- 
tween the rotor and stator, as well as by the carry-over of gases 
from one side to the other, due to the cavities of the rotor and its 
movement. 

The power output of the gas turbine is influenced mainly by 
the pressure and mass-flow efficiencies, and the heat input mainly 
by the temperature efficiency, 

The external efficiencies of the air preheater are related to the 
performance of the gas turbine, viz, its power output and its heat 
input (both per unit mass-flow) 


Power output with actual air preheater (including power loss ) 
No 


Power output with ideal air preheater (excluding power loss) 
Heat input with actual air preheater (including heat loss ) 
aa Heat input with ideal air preheater (excluding heat loss) 
The product of these two efficiencies gives the over-all (external ) 
efficiency of the air preheater referring to the specifie fuel con- 
sumption of the gas turbine. 
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The acceptable values of these efficiencies depend very largely 
on the whole thermodynamical lavout of the gas turbine, being 
affected mainly by the turbine and compressor inlet tempera- 
tures and the changes in the gas and air properties in these com- 
ponents. The pressure efficiency (roughly between 92 and 4 per 
cent) and the mass-flow efficiency (roughly between 97 and 99 
per cent), are influenced in different ways by the specific area of 
the matrix. This area, in turn, affects the temperature efficiency 
(roughly between 80 and 90 per cent), so that general optimum 
considerations lead to the best pressure ratio of the turboma- 
chines, the best specifie area of the matrix, the best dimensions for 
rotor and stator, and the best speed for the rotor. 

From the foregoing it is clear that there is no close specific limit 
to the acceptable efficiencies of the regenerator The main dimen- 
sion which may be limited is the specific area of the matrix, de- 
pending on the design and arrangement of the air preheater as in- 
fluenced by the design and arrangement of the other components 
of the gas turbine. 

AIR 


DirPERENCES IN WORKING CONDITIONS OF REGENERATIVE 


PREHEATERS IN GAS AND STRAM TURBINES 
The rotary regenerative air preheater has been used for many 
Hitherto, it 
mainly for unsupercharged boilers, although attempts have been 
those in which the 


years in steam-turbine practice. has been used 
made to apply it to supercharged boilers, i.e., 
pressure of the sir supply is considerably higher than that of the 
exhaust gases. The function of an air preheater in a gas turbine 
(2) is very similar, except that the conditions as regards the tem- 
peratures and pressures of the heat-exchanging gases are even 
more severe, Hence any success achieved in the development of 
the rotary regenerative air preheater for gas turbines may im- 
prove its chances of being used for other similar purposes as well, 


DevVELOPMENT TREND OF GaAs-TURBINE AIR 
PREHFRATERS 


CVENERAI 


There are at present two main trends in gas-turbine develop- 
ment (3): 

(a) The simple open-cycle gas turbine of comparatively low 
efficiency and low cost, for purposes where fuel consumption is 
not important. 

(b) The high-efficiency gas turbine, competing (in certain 
power ranges) with the steam turbine and the reciprocating com- 
bustion engine. 

High efficiencies can be realized by (a) raising the turbine-inlet 
temperature (and inlet pressure) and (b) recovering waste heat 
by, say, air preheating. In the latter case the best turbine-inlet 
pressure is reduced and hence the turbine-outlet temperature is 
increased. This temperature has its effect on the mean working 
temperature of the air preheater, which is limited at present to 
between 300 and 400 C for reasons such as the safe working of 
seals, cost of materials and manufacture, and so on. Thus it 
seems that, at any rate for the present, either of the two methods 
(a) or (6) is practicable, but not both together. 

A very efficient air preheater is necessary to enable the gas tur- 
bine to compete successfully with these other prime movers as 
regards specific fuel consumption. A high-temperature efficiency 
ean be achieved only by a high resistance in the matrix because of 
the relation between this resistance and the heat transfer. To 
keep the pressure efficiency high as well, large specific areas are 
required so as to reduce the velocities of the gas and air when 
passing through the matrix 


ons 2 
( const; -)( Nr ) (4) 
1— actual 1— Nr 


To reduce the bulk of the preheater, the development trend is 


> 
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to reduce the hydraulic diameter of the matrix so as to decrease its 


height 
Nr 
ay 


2 
H = const 


This reduction in matrix height is accompanied by a similar re- 
duction in weight and hence cost of material= 


(Was + Wes) 


(1 H 
(Ww, 4 W, ( HN 


together with reduction in its cavities 


(Vas + Ven) over 


(Ww, + = yay 


thus reducing the carry-over losses and so increasing the mass-flow 
efficiency when a regenerator is used. 


OF REGENERATIVE AIR PREHEATER ON PROPERTIES 
or Gas TURBINE 


INFLUENCI 


The difference in the method of heat transfer in a regenerative 
and in a recuperative air preheater affects the mechanical design 
and thermodynamical properties of each. 

As regards the thermodynamical properties, it is necessary to 
consider the influence of the mass-flow losses resulting from the 
seals and from the carry-over of air caused by the movement of 
the rotor, and the effect of this movement on the temperature gain 
of the air. 

The 
equivalent provided their external efficiencies are the same. 
Referred, for instance, to the specific fuel consumption of the gas 
turbine, this means that the additional mass-flow loss of the re- 
generator must be balanced (as regards its effect on specific fuel 


regenerator and recuperator are thermodynamically 


TEMPERATURE EFFICIENCY OF RECUPERATOR 
(2) EQUIVALENT TEMPERATURE EFFICIENCY OF 
REGENERATOR 


34 
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consumption), by a reduced pressure loss and or an increased . 


temperature gain, Fig. 1. 
The optimum layout conditions of the gas turbine in terms of, 
say, its specific fuel consumption are affected by all three internal 


efficiencies in the general form 


Nr 
"1 


=f inp, and Woee) other components! {8} 
Iquation [8] links the properties of the air preheater with those of 
the other components of the gas turbine so as to obtain the 
optimum pressure ratio of the turbomachines for a maximum 
efficiency. 

Adequate means must be provided for maintaining the internal 
efficiencies, that is, means for preventing a drop in temperature 
gain and a rise in pressure and mass-flow losses at the different 
loads of the gas turbine throughout its service life 

As regards the mechanical design, the regenerator requires 
(additionally to the recuperator ) 


(a) A subdivision of the casing into a rotor and a stator, 
(6) An effective seal between these two parts. 

(c) Means for supporting the rotor in the stator. 

(d) A drive for the rotor. 


These additional features affect the cost of manufacture, testing, 
and maintenance of the air preheater. 
A comparison, say, of production costs, gives the following: 


Recuperator Regenerator 
Inexpensive 


Inexpensive 


Expensive 
Iixpensive 


Matrix 
Fixing of matrix 


Casing 
Stator 
Rotor 
Sealing between rotor and stator 
Support of rotor in stator 
totor drive 


AApensive 
expensive 
xpensive 
expensive 
sxXpensive 


For the same performance, the higher costs of the regenerator 
owing to its seals, bearings, and drive have to be offset by the 
cheaper matrix and its fixing. It is therefore proposed to deal 


with these items in the following sections 
Types or Marrix ano PerrorMance 


An advantage of the regenerator is that it can use several types 
There are two main types at present, viz., the plate 
In the chan- 


of matrix, 
(corrugated) type, and the wire (gauze) type (4) 
nels of the corrugations the flow is laminar; the characteristics 
governing heat transfer and resistance depend on the shape of 
these channels. In the range of Reynolds numbers usually ap- 
plicable to gas-turbine air preheaters, the flow in the wire gauzes 
is partly viscous and partly turbulent, 

Several suggestions have been made as to the appropriate tests 
to be applied to matrices of the type mentioned, but it is con- 
sidered that the best tests are those which reproduce as far as 
possible the actual conditions in the air preheater. 

Where rig tests are carried out at low temperature and pressure 
gradients, it seems useful to express their results (derived from 
one and the same test) in the form of an “ideal degree of con- 
version” 


Mp. ideal Nu 
[9] 


2 Crs Pr Re 


dividing the total resistance into a ‘useful’ part required for the 
transfer of heat (based on the Osborne Reynolds Jaw), and a 
‘parasitic’ part. 

When this degree of conversion in the plate and wire matrices 
is being compared it must be referred in both cases to one and the 


[5] 
9 
Inexpensive 
None 7 
None 
> 
| 
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on 
The test results for the wire matrix are usually re- 
The arrange- 


same area, 
ferred to the initial area and the wire diameter. 
ment of the wires also affects the “‘ideal’’ degree of conversion in 
such a way that wide-meshed gauzes give figures similar to those 
obtained with the corrugations, Fig. 2. 

With the plate type, its permeability must be allowed for, since 
the test results are usually referred to the transflux area. Permea- 


AREA OF FLOWs STATIC PRESSURE 


NU NUMBER 


— 


+ 


+ + + 
100 200 300 400 


+ + + + 
oe o7 
PERMEABILITY OF PARALLEL PLATES 


Ipeat Drarer oF Conversion or Wire ann Wire Gauzes 
bility is governed by the shape of the channels of the corruga- 
tions and their wall thickness. With this type of matrix the 
permeability unfortunately is linked with the hydraulic diameter 
in such a way as to reduce the former when the latter is reduced, 
Fig. 3. 

The ‘actual’ degree of conversion differs considerably from the 
ideal figure 
{10} 


Mr, actual = = (0.95 to ident 


There are several reasons for this, such as the following: 


(a) Flow conditions at inlet and outlet of matrix (5). 

(b) Heat conduction in matrix parallel and perpendicular to 
flow (6 

(c) Influence of contact time between matrix and gases (7). 

(d) Influence of seals (flow of carry-over gases ). 


It is difficult to separate the foregoing effects and to ascertain 
the size of the effective thermal and dynamical surfaces of the 
matrix in terms of the kind and arrangement of the seals and the 
rest of the rotor assembly. For different types of rotor (including 
the matrix), the heat-transfer and resistance data leading to the 
actual degrees of conversion have to be obtained more or less 
under actual operating conditions in order to get a true picture of 
the regenerator performance. 

An advantage of the wire matrix is the smaller influence of 


heat conduction as compared with the plate type. It has been 
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found in some cases, however, that the wires have a tendency to 
flatten out during the operation time when they contact each 
other, and this increases both the resistance and the heat conduc- 
tion. 

The size of the bodies forming the matrix is limited by the 
danger of burning-out, when for instance, unburned fuel is left in 
the exhaust gases, say, due to the failure of a combustor, or'the 
like. The limit of plate thickness and wire diameter may be in the 
order of 0.008 to 0.010 in. 

Generally speaking, gauzes allow of smaller hydraulic diameters 
The speed of the rotor is governed by the 
Small hy- 


than do corrugations. 
necessary contact time between matrix and gases. 
draulie diameters give a low-weight matrix and high rotor speeds 
which often make sliding seals impossible; whereas large hydraulic 
diameters give higher weights accompanied by low speeds and 


(DOES NOT ALLOW FOR INFLUENCE OF 
INLET CONDITIONS) 


t= PARALLEL PLATES, THEORETICAL 

, TESTS 7 
TUBES, CIRCULAR, THEORETICAL 
TUBES, SQUARE, THEORETICAL 

5= TUBES (CORRUGATIONS), TRIANGULAR, TESTS. 
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hic. 3) [peat Decree or Conversion or Marrix 


hence the possibility of using efficient sliding seals. These facts 
are important for the choice of the proper type of matrix to suit 
the regenerator of a gas turbine used for a particular purpose 

In this respect it is also worth mentioning that the part-load 
behavior of the wire matrix is different from that of the plate 
matrix. The increase in temperature efficiency is faster with the 
latter than with the former. 
fuel consumption of the gas turbine in’ the part-load region 


This is important where the specific 


inatters 
Seats Berween Roror aNnp STavTor 

While it may be possible to design «a metal-to-metal contact seal 
bearing over the whole width of the rotating element, it is 
probably better to restrict the bearing area and to run the rest of 
the seal with a fine clearance 

Tests have been carried out with shoes made from bronze and 
other materials running on stainless-steel faces operating under 
temperatures of up to 550 © and without «a lubricant other than 
the oxide film which forms under the operating conditions. 
Such an arrangement has given quite a fair service over a 
reasonable period. 

The success of such a seal depends upon building up a thin 
stable oxide layer, and to obtain such a film the composition of the 
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materials used can be varied to suit the operating temperature of 
a given heat exchanger. If the oxide film becomes too thick, it is 
apt to spall. It is probably desirable, however, in all kinds of 
contact seals, and certainly those operating in the hot-gas region, 
to introduce some form of lubricant such as MoS:, or graphite. 
While in time such materials become oxidized at high operating 
temperatures, they are stable for quite a long period and by quite 
straightforward methods can be applied to the rotating surfaces 
at regular intervals of, say, hourly duration. 

For the seals on the cold-gaus side, and for the ends of « drum- 
type generator, carbon seals are probably as good as any other, 
although some synthetic materials such as bakelized asbestos 
have given very good service 

Porous materials impregnated with indium, lead, or other 


pressure-lubricating materials, are also suitable for the cooler MAX HEIGHT (OF 


COMBUSTOR) 
TURBINE 
REGENBRATOR 


conditions. 

It is, of course, possible to arrange for nonsliding seals which 
will maintain a fine clearance under operating conditions, and a 
number of devices already have been produced to accomplish 
this. 

Much of the suecess expected from a given type of seal de- 


DUAMETE® (Da) LENGTH(X)( INCHES) 


pends on the freedom from distortion obtained under running 
conditions. Unless good mating surfaces and a very small effect- 
ive clearance between them are maintained, the mass-flow loss 


‘ 


due to clearance will be correspondingly high, but even with 


/ 
~ 


properly selected materials and with lubrication between the two 


-- ------ 
~ MASS-FLOW EFFICY 


@ 
iz 


rubbing surfaces of the sliding seals, the length of the seal neces- 
sarily must be short. It is almost axiomatic that the sliding sur- 


Orr 
1 


+ + 


4 8 2 6 20 


faces should be as small as possible so as to reduce the rubbing to a LENGTH OF ROTOR (incHEs) 


minimum, and all design tendencies for modern regenerative air 
preheaters have been in this direction. POWER OUTPUT OF GAS TURBINE 1900 HP 
The size of the matrix governs the size of the rotor in which it 


Fic. 4(a) Inenuence or Rotror Dimensions oN Mass-bLow 


is embedded and hence the size of the stator surrounding the Erriciency Dok To CLEARANCE 


rotor. Thus the length of seals depends on the size of the matrix 
and is considerable for a high-efficiency regenerator. In addition, 
this length depends on the kind of rotor used, and the division into 
seals with a high-pressure and low-pressure difference depends, in 
addition, on the method of sealing adopted. 

The more conventional rotors are the disk and the drum types. 
Both have their advantages and disadvantages. If, for in- 
stance, only a single disk is used, the initial area of the matrix is 
usually restricted, but the space occupied by the regenerator is a 


minimum. The drum, on the other hand, is not restricted as re- 


guards initial area, but the buik of the regenerator is larger owing 
to the unused space at its center. 

The inside seals are located between a gas side and an air side; 
they are short, but fairly complicated in shape and hence rather 
unsuitable for effective sealing. The total length depends on the 
number of sides in the regenerator 


DIAMETER OF ROTOR (INCHES) 


The outside seals are long (total length independent of number 
of sides), and circular in shape and therefore suitable for effective 
sealing. With the usual method of sealing they are located be- 
tween the inlets and outlets of both sides and the space between 


POWER LOSS OF GaS TURBINE (HP) 


rotor and stator. This space can be either closed from ot open to 
the atmosphere. 

At the present stage of development the outside seals can be 
made almost tight (about 0.01 Ib/sec/ft), but the inside seals are 
still a problem in this respect. Hence the main development in 
the future will be concentrated upon improving the effectiveness 


of the inside seals by reducing the effective clearance and the 
length. 


“oer | (See MG 4A) 


Quan 


Because of the difference in shape and hence the effectiveness of Saree +44 = 
the two kinds of seals, the optimum (diameter length) ratio of LENGT OF ROTOR (incHes ) 


the drum is fairly large 


Fic. Inecvence or Rotor Dimensions on Power Loss oF 
Besides affecting the mass-flow loss due to clearance Gas Tursines 
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Nw. clearance, max 1 —- const, a 


| N 0.76 
(Ww + 
f (Ax . 
Amatriz 
the dimensions of the drum also affect the mass-flow loss due to 
carry-over, and the pressure loss. For this reason the optimum 
(diameter/length) ratio is usually smaller than that mentioned, 
if the different effects of mass-flow and pressure losses on 
the power output of the gas turbine are taken into account, 
Fig. 4. 

The length of the inside seals can be curtailed by reducing the 
inlet and outlet areas of the rotor, this reduction decreasing the 
mnss-flow loss (due to clearance) and increasing the pressure loss, 
Similar considerations referring to the power-output of the gas 
turbine lead to an optimum (inlet or outlet aera /initial area) ratio 
The reduction of the inlet and outlet areas results in higher gas 
velocities, so that everything must be done to make the re- 
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REGENERATOR 


Ratio of 


sistance of the rotor near these areas as low as possible in order to 
reduce the pressure loss, Fig. 5. 

When such a reduction in inlet and outlet areas is made, the 
rotor has to be divided into an inlet portion, a middle portion 
(accommodating the matrix) and an outlet portion. In this case 
meridional walls have to be provided, so as to get the necessary 
tightness in the circumferential direction. Such a division is al- 
ways necessary when a wire matrix is used. The optimum number 
of walls depends on the extent to waich the inlet and outlet areas 
of the rotors are obstructed in the circumferential direction by 
the thickness of the walls as well as by the inside seals. 

It will be appreciated that during the movement of the rotor, 
the pressure on these seals varies according to the variation of gas 
pressure in the chambers (formed between the walls) which are 
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wholly or partly covered over by the shoes of the inside seals. It 
therefore becomes necessary to press these shoes against the rotor 
by springs, or by pneumatic or hydraulic devices, with a pressure 
that varies according to the opposite pressure exerted by the gas, 
s0 as to keep the wear of the sliding seals within reasonable 
limits. 

The inlet portion of the rotor should take the form of an efficient 
diffuser (depending on the resistance of the matrix) and the outlet 
portion the form of an efficient nozzle. 

Any such increase in rotor cavities, however, results in in- 
creased carry-over losses, and this affects the reduction in 
mass-flow loss and hence the optimum considerations just out- 
lined. 

Depending on the method of sealing adopted, this mass-flow 
loss is also affected by the distribution of the whole initial area of 
the matrix on its gas and air sides. A study of the effect of this 
distribution on the internal and external efficiencies of the re- 
generator as influencing the performance of the gas turbine leads 
to an optimum (gas side/air side) ratio, Fig. 6, which is also 
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governed by the kind and state of the gas in the (closed or open) 
space between rotor and stator. The optimum value of this ratio 
changes with the gas-turbine load, mainly because of the change 
in the pressure of air and gas. This point must be remembered 
when designing an air preheater for a gas turbine, say, one work- 
ing mainly at low loads. 


SuPPORTING AND DrivinG THE Rotor 


In certain designs of regenerator the supporting and driving of 
the rotor could be combined with the sealing. The commoner 
method, however, is that in which all three functions are sepa- 
rated. 

Supporting. Any known method of supporting a low-speed 
rotor in a stator can be adopted provided that a low friction loss 
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and high precision (for the seals) are achieved. Other points to be 
kept in mind are the following: 


(a) Separating the bearing from the high-temperature part. 

(b) Balancing the gas forces by selecting at least two air and gas 
sides equally distributed over the rotor, 

(ce) Insuring safe working of the bearing (lubrication) in the 
case where the closed space between rotor and stator is filled, say, 
with high-pressure air. 


The best rotor speed can be found only by tests, which means 
that elaborate calculations are usually unnecessary. Its approxi- 


mate value (8) can be obtained from 


n _ const ¢ (W, +4 ( nr* 
60 (Was + Weed 1 “al 
. {12 


provided that the reduction of the degree of conversion due to the 
influence of contact time is not more than 10 per cent. As re- 
guards the choice of rotor speed, it should be noted that it affects 
not only the temperature gain (degree of conversion ), but also the 
mass-flow losses resulting from carry-over, and the like. 
It also affects the power required for driving the rotor. Opti- 
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mum considerations show that the best speed is low and is further 
decreased when sliding seals are adopted, due to its effect on wear, 
Fig. 7. 
Driving. There are several possible methods of driving the 
rotor. It can either be directly driven by the heat-exchanging 
guses themselves, or indirectly driven by the turbine of the gas 
turbine. 
necessary. 


With a mechanical transmission a high-reduction gear is 
Similar gears also are needed if an electric or hy- 
draulie transmission is interposed between the turbine rotor and 


regenerator rotor. Because of the small power input of the 
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regenerator, such transmission has a fairly low efficiency 

When the rotor is driven by the heat-exchanging gases them- 
selves, the preheater works as a turboregenerator (9) combining 
the functions of a regenerative heat exchanger and a turbine. 
The meridional walls of the rotor are then shaped as moving 
blades, with fixed blades arranged in the stator. Small re- 
due to 


necessary in this case, Fig, &. 


sistances mechanieal and werodynamical friction are 


GENERAL DesiGN FEATURES OF REGENERATIVE AIR PREHEATER 


The air preheater can be designed satisfactorily only by con- 
sidering its effect on the gas turbine as a whole. As the simple 
open-cycle gas turbine with air preheating works on a low-pres- 
sure cycle, the parasitic pressure losses play a decisive part in 
its performance, mainly because of the influence of the pre- 
heater. 

In the simple jet-type gas turbine the gas velocities in its com- 
pressor, combustor, and turbine are high and of roughly the same 
magnitude. When an air preheater is introduced into this type 
of gas turbine, the high air and gas velocities at the compressor 
and turbine outlets must be reduced to a very low figure before 
An effective conversion of 
velocity into pressure is therefore of vitsl importance. 


they can enter the preheater matrix 
Tie in- 
fluence of, say, pressure and mass-flow losses due to the regenera- 
tor can be reduced considerably by providing efficient diffusers 
between the outlets of the turbomachines and the inlets of the re- 
generator. Effective diffusers mean large spaces which may be 
affected by the resistance of the matrix. . 
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The type of air preheater adopted depends on the general lay- 
out of the gas turbine, its size, and its purpose. For the time 
being, anyhow, highly efficient rotary regenerators of the single- 
rotor type will be limited to gas turbines of relatively small out- 
put until more experience is available, especially with regard to 
the seals. 

The influence of design on the operating conditions of the 
seals is illustrated in Fig. 9 (a to ce). 


(a) Arial-Flow Drum. This type of rotor is suitable for rela- 
tively small areas both in the inlet and outlet of the rotor and in 
the matrix. The inside and outside seals are located in the same 
plane, while the high and low-temperature seals are separated on 
two parallel planes, the distance between which is the height of 
the rotor. This distance under temperature gradients has little 
effect on the operating conditions of the seals, Fig. 9(a). 

(b) Axial-Flow/Radial-Flow Drum. This type of rotor demands 
relatively small areas in the inlet and outlet of the rotor where 
the flow is axial, and relatively large areas in the matrix 
where the flow is radial. Inside and outside seals, as well as high- 
and low-temperature seals, are on one and the same plane. 
Hence a more or less uniform average temperature (about 300 C), 
can be achieved for all seals, especially where additional heat- 
conducting media are provided such, for instance, as a sodium or 
potassium filling for the hollow sealing plates. The operating 
conditions of the seals are not, of course, affected by the expansion 
of the rotor, Fig. 9(b) 

(¢) Radial-Flow Drum. This type of rotor allows for relatively 
large areas both in the inlet and outlet of the rotor and matrix. 
Inside and outside seals can be on different planes perpendicular 
to each other, The high- and low-temperature planes are again 
separated by the height of the rotor. The operating conditions 
of the inside seals are greatly influenced by the expansion of the 
rotor under temperature gradients, as the dimension which mat- 
ters is the diameter of the rotor, and this usually is rather large, 
Fig. Oe). 


There are, of course, several other possible drum constructions, 
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but as far as can be seen, there is no “best’’ construction. 
The choice of design is very largely determined by the working 
together of the regenerator and the other components of the gas 
turbine, with due regard to the minimum possible effect on the 
power loss resulting from the regenerator, and the maximum 
possible recovery of exhaust heat. 

With a single-drum rotor the space at its center can be used for 
other parts of the gas turbype such as the diffusers mentioned, or 
even other components such as the turbine and the combustors. 
If such use can be made, a further advantage of the drum is the 
fact that it allows for a layout of the gas turbine where the com- 
ponents acted on by the high-velocity gases can be located in the 
middle (small areas) of the gas turbine, and those acted on by the 
low-velocity gases can be arranged around the circumference (large 
areas ). 

The possibility of connecting the air preheater with the other 
gas turbine through short and efficient ducts 
The outlets from the turbo- 


components of the 
also has its bearing on the design. 
machines have either an annular shape or are in any case ar- 
ranged in the form of a uniformly interrupted annulus. In view 
of what has been said about the pressure losses, the tendency will 
be to use some kind of annular combustor so as to reduce its pres- 
sure loss as far as possible. Regenerators with a single rotor are 
rather difficult to connect with these annular inlets and outlets. 
This problem is solved more easily with a large number of air 
Such an increase means extending the length of 
a more equal distribution of 


and gas sides. 
the inside seals, but on the other hand, 
pressure and temperature over the rotor and stator is possible, re- 
sulting in less distortion and hence a more effective seal. Another 
advantage is the reduced speed. 

In connection with the points raised in the preceding paragraph, 
it may be advisable to build up the air preheater from several 
small and separate elements, say, with a single-disk rotor. This 
arrangement would have the following advantages: 


(a) The effective gap caused by the rubbing surfaces would be re- 
duced because of the smaller dimensions, always assuming that 
the reduction in the effective gap would be greater than the in- 
creased length of the outside seals. 

(6) It would be easier to manufacture smaller seals so as to 
achieve the necessary tightness. Production methods such as 


sintering, and the like, can be used. 
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(c) The preheater wouid be cheaper as the small elements could 
be mass-produced 

(d) There could be more latitude in the location of the preheater 
(elements ) at the best place. 

(e) This arrangement would give greater independence as re- 
gards the design of the other components of the gas turbine. 

(f) Any practical efficiency for nearly any size of gas turbine 
ean be achieved by selecting the number of elements to suit. ; 


CONCLUSIONS 


The advantages of the regenerative-type heat exchanger are 
that small hydraulic diameters can be attained readily, and that 
when the normal counterflow arrangement is used the matrix is 
self-cleaning to some extent, particularly during that part of the 
operating cycle when high velocities and pressure differences are 
experienced. Against this must be considered the problem of 
providing an efficient seal between the air and gas flows, 

In comparison, if flame-trap matrices are employed in both, the 
recuperator can be designed to have hydraulic diameters of the 
same order as those in the regenerator (10), The matrix, how- 
ever, is not self-cleaning, and thus continuous outside provision 
must be made to keep it in working order. This necessarily in- 
volves an equivalent power loss, but one which can justifiably be 
compared with the auxiliary power losses of the regenerator, Fig. 
1. The separation of the gas and air flows, however, must be made 
in the matrix itself, which complicates the problem of cheap and 
simple manufacture. 

The interrelation of these advantages and disadvantages, es- 
pecially that concerning the problem of sealing the regenerator 
and the effective cost of its solution, will be the main criterion in 
the assessment of the relative merits of the two types of heat ex- 
changers. 
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INFLUENCE OF RIBS (THICKNESS) 
“PLATES 
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INLET CONDITIONS ETC | 


4.INFLUENCE OF SPEED 
S ACTUAL TEMP EFFICIENCY 
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Davin Aronson.? The authors have given a well-stated com- 
parison between the two types of heat exchangers, the heat-con- 
duction, continuous-flow type, and the heat-accumulating peri- 
odic-flow type. It might be well if we could come to some agree- 
ment in this country as to the best names to apply to these two 
types so that the confusion now prevalent would be ended 

The development of the concepts of internal and external effi- 
ciencies is extremely helpful in cycle analysis. These are all re- 
ferred to a possible 100 per cent efficiency, and are directly appli- 
cable to cycle heat and power balances. 

Some of the terms appear somewhat unfamiliar to the writer. 
The term “resistance factor’’ defined as 


Area of flow & static pressure loss 


Wetted surface X dynamic pressure 
is evidently what we call “friction factor,’’ f. 

The authors state: ‘A high-temperature efficiency can only be 
achieved by a high resistance in the matrix because of the relation 
High resistance 
is assumed to mean high heat-transfer factor, which we designate 


between this resistance and the heat transfer.’’ 


by j, the Colburn factor. 
Equation [9] of the paper considers an “ideal degree of con- 
version” 
Nh. ideal Nu 
2 Crs Pr Re 


3 Consulting Engineer, Worthington Corporation, Harrison, N. J. 
Mem. ASME. 


Fig. 10 CHance or TEMPERATURE AND PRESSURE 
Erriciency For Wire Enp-PLate-Type Matrix 
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If this ratio is based on the Reynolds number calculated from the 
mass-flow rate at the entrance to the matrix, then it serves as a 
criterion of the geometry of the regenerator for a given service. 
A high value of this degree of conversion means a smaller frontal 
area than does a low value. On the other hand, a high value 
generally will be associated with a longer flow path so that the 
volume of actual matrix might be larger for a high value of this 
degree of conversion. 

The statement is made: 
matrix is different from that of the plate matrix. The increase in 
temperature efficiency is faster with the latter than with the 
The writer believes this is applicable if the flow is in 
The distinction is in the opposite direction 


former.” 
the laminar region. 
in the turbulent region. 
operation will be in the intermediate region, any generalization is 
likely to have exceptions to the rule. 


Since there is a good possibility that 


Aurnors’ CLOSURE 


Mr. Aronson is right in his interpretation of what we term the 
“resistance factor’ and which is also called “friction factor.”’ 

The definition Mr. Aronson gives for the “ideal degree of con- 
Instead of the Colburn factor, the Stanton 
Unfortunately, all 


version” is correct. 
number could have been introduced as well 
these factors and numbers, useful as they are for heat-transfer 
calculations, are not yet generally known and appreciated, so that 
we kept to the more conventional terms like Nusselt number, 
Reynolds number, and Prandt] number, bearing in mind that we 
were compelled to introduced several terms such, for instance, as 
“degree of conversion,” ete. 

As Mr. Aronson points out, a high degree of conversion results 
in asmall frontal area, but also makes for a large height of matrix 
for a given hydraulic diameter, and vice versa. However, it 
should be pointed out that the frontal area is usually by far the 
biggest problem in the design of regenerative air preheaters of high 


“the part-load behavior of the wire 


temperature, pressure, and mass-flow efficiencies. The height 
can be reduced—in certain limits of course—-by reducing the hy- 
draulic diameter of the matrix. 

Because of these small hydraulic diameters, mentioned in our 
paper, the flow in the matrix is characterized by Reynolds num- 
bers of between roughly 50 and 250 under full-load conditions, 
This means that flow in plate-type matrices is always laminar, 
apart from the influence of inlet conditions, which admittedly 
may have an appreciable effect on the flow characteristics. How- 
ever, this effect has not yet been properly elucidated. Flow in the 
wire matrices has the characteristics of a mixed viscous and turbu- 
lent flow, which ean be fairly well assessed by an extended Stokes 
law. Our statements as to the behavior of these two types of 
matrix referred only to the comparison between the laminar-flow 
plate matrix and the wire matrix in the range of small Reynolds 
numbers mentioned. 

To illustrate this, Fig. 10 shows the change of temperature 
and pressure efficiencies of a plate-type and a wire-type matrix. 
The regenerator concerned has, for both types, the same over-all 
area, that is to say, the initial area of matrix plus the additional 
areas needed for ribs, walls, ete. The change of pressure and 
temperature efficiencies is plotted against the speed of the gas 
turbine concerned, referred to the speed at its average load. As 
the gas turbine is of the vehicle type, a very small average load 
was considered as the most suitable layout load. The diagram 
also shows, for the plate matrix, the influence of the reduction in 
area due to the thickness of the ribs and plates, as well as the in- 
fluence of conduction in these plates, the flow conditions at their 
inlets and outlets, and the influence of rotor speed. The tem- 
perature efficiency of the wire matrix is about the same as that of 
the plate matrix at average load, but the temperature efficiency of 
the wire matrix changes less than that of the plate matrix when 


the load is changed, a t 


‘ 
777 
we 
me 
= 4 : 
P 
@ - 
4, 
/ 


«| 

a 


guy 


Sa ae - 
; 
=— 


ev 


‘Pe = 7) = = T= ° 
7 
' 
= “9° 
| 
Ie 
wer. * 
aby! 
= 


. 
et, 


The Periodic-Flow Summ ary 


A description is given of the periodic-flow rotary regen- 


erator, and it is contrasted to the other types of heat- 


By J. E. COPPAGE! ann A. L. 


exchanger systems which may be employed to 


ate’ or 


regener- 
“recuperate” the exhaust-gas thermal energy in a 
gas-turbine plant. 
periodic-flow type are considered briefly, and the mathe- 


matical complexities of analysis of the more exact theory 


The advantages in principle of the 


of its performance are indicated. Available special solu- 
tions, obtained by numerical-graphical methods, provided 


Boestad, Iliffe, 


Smoleniec are reviewed and their limitations pointed out. 


by Hausen, Nusselt, and Saunders and 
An algebraic equation solution corresponding to the special 
case of high rotative speeds is shown to be exactly the same 
as the well-known equation for a direct-transfer-type 
These results are supplemented 
with an solution which has the ad- 
vantage of being in closed form, and the limitations on 
accuracy of this solution are considered. Recommended 
design curves are presented using a set of simple nondi- 
mensional parameters, of the same nature as those em- 


counterflow exchanger. 


“approximate theory” 


ployed for direct-transfer-type exchangers, and which are 
readily 
problem. The curves result from a rational extrapolation 


usable for the gas-turbine regenerator-design 
of the special case solutions of Hausen, employing the ap- 
proximate theory as well as the results of Iliffe, to other 
to the gas-turbine designer. An 


illustrative problem is included. 


situations of interest 


NOMENCLATURE 


with subscript ¢ or h denotes cold- or hot-fluid-side 
heat-transfer area, sq ft 
A, = flow cross section area at section z, sq ft 
factor used in Equation [12] and defined there, deg F 
hr/Btu 
specific heat, capacity —of fluid with subscript ¢ or h, of 
rotor with subseript r, Btu/lb deg F 
capacity rate, We—-of fluid with subscripts ¢ or h, of 
rotor solid phase with subseript r, Btu/hr deg F 
unit conductance for thermal convection, Btu/(hr sq 
ft deg F) 
flow length of matrix, ft 
mass of matrix, Ib 
heat-transferrate,Btufhr 
of fluid with subscript ¢ or h, of rotor 


The following nomenclature is used in the paper: 


ame 


@: 


temperature 
with subscript r, deg I 

over-all unit conductance for a direct-type exchanger 
surface, Btu/(hr sq ft deg F) 
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Ww flow rate —of fluid with subscript ¢ or A, of rotor solid 
phase with subscript r (rev per hr X rotor mass), 
Ib/hr 
location of matrix section measured from hot flow inlet 
face, ft 
regenerator effectiveness, 
limited 


actual heat-transfer rate to 
maximum possible 
nondimensional 


thermodynamically 
transfer, Equation 
density of fluid, either hot or cold as specified by sub- 
script, h or 
time, hr 
duration of matrix element in cold and hot flow stream, 
respectively, hr 
= denotes functional relationship 


Nondimensional Parameters: 


€ = regenerator effectiveness, see foregoing 


(€,c, defined under Equation [12] ). 


( 7 ) cold-side number of heat-transfer units 


over-all number of heat-transfer units, defined by 
Equation [7a] 

capacity rate ratio of flow streams 
£ eapacity-rate ratio rotor matrix to cold stream 

(hA)* = 


(hA). (hA), symmetry factor relating to thermal re- 


sistance (or conductance) “balance’’ of regenerator 


design 
INTRODUCTION 


consisting only of compressor, 
chamber, has the ad- 
vantages of light weight and compactness. suffers 
from a poor specific fuel consumption relative to the modern 


The simple gas-turbine plant, 
combustion and turbine components, 


However, it 


steam-power and reciprocating internal-combustion-engine sys- 
tems. Cycle modifications which can compensate for this de- 
ficiency are (a) intercooling during compression, (+) reheating 
during turbine 
generation, and (d) combinations of the foregoing. The 


est improvement is brought about by regeneration, 


(c) exhaust-gas thermal-energy re- 
great- 
especially 
Moreover, 


expansion, 


when it is employed in conjunction with intercooling. 
the addition of a regenerator results in a flat fuel economy versus 
load characteristic, which is highly desirable for the transporta- 
tion-type prime mover —the gas-turbine locomotive, the marine 
gas-turbine plant, or the aircraft turboprop. 

Although the addition of a regenerator is highly attractive from 
a thermodynamic point of view, its bulk, shape, mass, or cost may 
be such as to nullify the thermodynamic advantages. Optimum 
design therefore will call for a careful consideration of different 
types of regenerators. The three types of heat-exchanger systems 
which have been proposed for this service are described schemati- 
cally in Fig. 1. These are (a) the direct-transfer type, (b) the 
liquid-coupled indirect-transfer type, and (c) the periodie-flow 
type 

The theory of the direct-transfer type is conventional and is 
covered in reference (1).2 The liquid-coupled indirect-transfer 


? Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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system, Fig. 1(b), is considered in references (2) and (3). While the 
theory in this case is more complex than for the direct-transfer 
type, nevertheless it is quite straightforward and complete solu- 
In contrast, the theory of the periodic-flow- 
type regenerator is much more difficult and only a limited number 
More- 
over, these solutions were obtained principally by approximate 


tions are available 
of solutions are available from several different sources. 


numerical methods, Since this type of exchanger possesses 
several very important advantages over the other types, it is of 
importance to the gas-turbine designer that these solutions be col- 
lected and evaluated 


such a summary, to make specific recommendations for design 


It is the purpose of this paper to present 


based on available solutions, and to indieate the area where addi- 
tional solutions are needed 


Description OF THE Pertopic-FLow 


and the liquid-coupled indirect-transfer 
similar in some measure. The rotating 
matrix provides a ‘flow’ of solid-phase metal, from the hot gas 
to the compressed-air stream, for the purpose of transporting the 
otherwise wasted thermal energy from the turbine exhaust to the 


The periodic-flow type 
type, Figs. 1(b and ©), are 


compressed air prior to combustion. 

In this manner, the fuel requirement in the combustion cham- 
ber is redueed and the plant specific fuel consumption improved. 
Thus thermodynamically the exhaust-gas thermal energy is in 
part recuperated or regenerated, and this same thermody- 
namic function is served regardless of the type of heat-exchanger 
system used. For this reason, in spite of fairly common ter- 
minology to the contrary, the terms recuperator and regenera- 
tor will not be restricted to the direct-transfer type and the 
periodic-tlow type, respectively, but rather the term regenerator 
will be used in its thermodynamic sense for all three types of 
heat-exchanger systems deseribed in Fig. 1. 
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The qualification ‘“‘periodic-flow”’ type was selected since each 
part of the matrix, because of its continuous rotation, is exposed 
to a regular periodic flow of hot and cold gas streams. 

The principal advantages of the periodic-flow type relative to 
the others described in Fig. | are as follows: 

1 A matrix-type surface provides on the order of 700 to 2000 
aq ft of transfer area per cubie foot of matrix volume (20-mesh to 
50-mesh stacked sereens) as compared to a maximum of 400 to 
600 sq ft per cu ft of cold-side plus hot-side area obtainable from 
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the most compact extended surfaces usable in the direct-transfer- 
typesystem.* This advantage allows higher regenerator effective- 
nesses for the same weight and space limitations. 

2 The matrix-type surface is relatively inexpensive and can be 
fabricated readily out of high-temperature materials (including 
ceramics ). 

3 The periodic reversal of flow prevents any permanent flow- 
stagnation regions in the matrix, and as a consequence a con- 
tinuous self-cleaning action is afforded. 
demonstrated convincingly in long 
Ljungstrom air preheaters, employed extensively in central-sta- 
tion boilers with the dirtiest of fuels. 


This behavior has been 
service experience with 


In contrast, there are several major disadvantages of the 
periodic-flow type which should be frankly recognized. These 


are as follows: 


1 Seals suitable for pressure differentials of 4 to 7 atm (between 
the compressed air and low-pressure-turbine exhaust) represent a 
major developmental problem. 

2 Many changes of flow direction are required, as compared to 
the liquid-coupled indirect-transfer system, Fig. 1(b), resulting not 
only in flow losses, but also expensive ducting. 

3 Restrictions in pressure drop make necessary a_ large 
flow area with the usual matrix surface, As a consequence, the 
advantage of small matrix volume is somewhat nullified by 
the requirement of bulky approach ducting, see Fig. 1(c). 


The constant parameters relating to the heat-transfer per- 
formance of the periodic-flow regenerator are as follows: 


= convective conductances, for cold and hot 
sides, respectively 
A,, A, = matrix-transfer areas, cold and hot side, respec- 
tively, at any instant 
C., Cy = flow-stream capacity rates (We,); for 
cold and hot gas flows, respectively 
= capacity rate of rotor (W,¢c,) 
thin), ave) hot-fluid terminal temperatures 


fean)y fecout. avg) = COld-fluid terminal temperatures 


Here are 11 parameters. In the direet-type exchanger 
only eight parameters are involved since C, does not 
exist, and the A’s and h’s reduce to a single over-all con- 
Investigation shows that five 
the minimum require- 


ductance-area product. 
nondimensional parameters are 
ment for complete expression for the periodic-flow-type- 
exchanger performance, as contrasted to only three for 
the direct type, reference (1). 


Pertopic-FLow THeory 


The differential equations for the heat-transfer be- 
havior of a flow tube in the matrix, Fig. 2, will now be 
presented together with the associated idealizations: 


1 The thermal conductivity of the matrix is zero in 
the gas and air-flow directions, and infinite in the nor- 
mal direction to the flow. 

— 2 The specific heats of the two fluids and the matrix 

material are constant with temperature. 

3 No miving of the fluids occurs during the switch from hot to 
cold flows. 

4 The convective conductances between the fluids and the 
matrix are constant with flow length, z. 
5 The fluids pass in counterflow directions, 

6 Entering-fluid temperatures are uniform over the flow cross 
section and constant with time. 


* Reference 1, Table 6. 
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Regular periodic conditions are established for all matrix 
elements. 


The first of these idealizations is shown by Hausen (4) to be 
satisfied for most cases of practical importance. Rough esti- 
mates show that for a reversal time of '/, see (two complete 
eps) which is near the maximum permissible frequency without 
undue “‘carry-over loss,’’ the effect on the exchanger effectiveness of 
finite thermal conductivity normal to the flow, is less than 0.5 per 
cent for steel walls up to 0.2 in. thick, and for ceramic walls up to 
0.05 in. thick. Iliffe(5)summarizes additional work on this matter. 
Thermal conduction in the direction of flow may be prevented al- 
most entirely, but even continuous matrices of reasonable wall 
thickness have negligible longitudinal heat transfer (5). 


HOT GAS FLOW PERIOD 


x | 


MATRIX 


; COLD AIR FLOW PERIOD 
Fig. 2) Evementar Flow Passace AssociaTep Frow Marrix 


(For Equations {1] and [2].) 


Saunders and Smoleniec (6) investigated the second idealiza- 
tion for a typical case and found that the variation in fluid and 
matrix specific heats resulted in less than a | per cent error in the 
effectiveness. The idealization of no flow mixing is closely met 
when the flow-passage length is short, and such shortness of 
length appears to be good design procedure for the most suitable 
types of surfaces. 

The fourth, fifth, and sixth idealizations parallel those usually 
theory. The 
seventh idealization of regular periodicity corresponds to the 


made in conventional heat-exchanger-design 
usual assumption of steady-state flow conditions. 
On the basis of these idealizations the following differential 
For the 
hot-gas flow, energy balances on the element dz, Fig. 2, yield 


equations and boundary conditions may be expressed, 


M,c, ot, (1 
de L 06 


(1 


The convective-heat-transfer-rate equation is 


dq 


dq, 
dr 


A 
dq, = hk (t, 


Of, 
T Ase, 
PrA sen 20 


... [4a] 


Wye, 


For the cold-gas flow a similar pair of equations results 


REGENERATOR 


where 
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M,c, Ol, 
hy A, 
L 
The boundary conditions are as follows 


For interval of hot flow 
tiny = const at r = 0 


For interval of cold flow 


teiny = const atr = L 


In cycle studies as well as in design work, the over-all heat- 
transfer performance of the regenerator is most conveniently ex- 


thermodynamically limited 
This definition (for 
< (a8 is the case for the regenerator) results in 


is the cold-fluid time interval. Alternatively, Equation 


becomes 


actual heat-transfer rate to the 
maximum possible heat-transfer rate (1). 


te cout, ave) tevin) 


«= [6b] 


teciny 


where (out. avey iS & bulk average temperature of the cold air 
stream after passage through the regenerator. 

The immediate problem is to obtain solutions of Equations [4a] 
and [4b] in agreement with the boundary conditions, Equations 
[5], and then express the result as the regenerator effectiveness, €, 
in terms of certain nondimensional parameters suitable for de- 
sign work. After «a consideration of the various possibilities in 
this the were 


selected 
C. C, 


respect following nondimensional parameters 


with NTU 


defined by 


NTU, = NTU, | 
1 + (hA)* 


Liffectively € is a function of four nondimensional parameters with 
either NTU, or, alternatively, NTU, as the last one in Equation 
7}. 


type regenerator, however, NTU, is preferred in this presentation. 


Because of the parallels that can be drawn with the direet- 


Reference to the nomenclature will demonstrate the readily 
grasped physical significance of these groupings. ‘To provide a 
sense of magnitudes for these parameters, the following tabula- 
tion was prepared to indicate extreme ranges of values to be ex- 
pected in gas-turbine-design work: 


= 50 to 90 per cent 

= 0.90 to 1.00 

= 1to 10 

= (hA),/(hA), = 0.2 tol 
2 to 20 (~twice NTU,) 
10 


There is no complete analytical solution available for Equa- 
tions [4] and the boundary conditions [5]. The particular solu- 
tions contained in the literature, with one exception, are obtained 
by approximate graphical-analytical methods. The one rigorous 


analytical solution available is for the special case of C,/C, = ©, 


[4b] 
| 
| 
| 
is 
- 
a [2] 
Elimination of dq, yield tions (hA) 


Then the behavior becomes identical in form to that of a counter- 


flow direct-type exchanger (1) and is given by 


Ce/Ch) 


where it can be shown from the definition of NTU,, bquation 


[7a], that 


[9] 


(hA), (hA\ 


This last expression for NTU parallels that for the direct type of 
exchanger 


NTU 
for negligible wall thermal resistance 


AU [(hA),  (hA), 


the periodice-flow-type regenerator 


where, for this case, 


in this limiting case, 
would have the same performance as a counterflow direct-type 


rhus, 


unit possessing the same hot-side and cold-side transfer areas and 
the same convection coefficients, providing only that the thermal 
resistance offered by the wall structure was negligible, as is the 
usual case, Another point of interest is the particularly simple 


form assumed by Equation [8] for the case of C,/C, = unity 
NTU, 
[Se] 
+ NTU, 


which, is again of the same form as the solution for a 
countertlow direct-type exchanger (1). 

Kquation [8] is graphed, Figs. 4 and 5, for the special cases of 
CL/C, = 1.00 and 0.90, of interest in gas-turbine-regenerator de- 
sign. Note from Fig. 4 that the solution for C,/C, = 10, to be 
considered later, is quite close to the limiting solution of C,/C, = 
#, Which demonstrates that Mquation [8] is useful for design 
purposes for large magnitudes of C,/C,. 

The several special solutions obtained by numerical methods 


of course, 


will now be presented. 


Hausen’s Analysis. Usausen (4) obtained solutions for the 


100 


HAUSEN—— SAUNDERS —-— BOESTAD —— — 


EFFECTIVENESS, € % 
ny 


3 4 5 
! 


COMPARISON OF SoLuTIONS € Versus NTU, ror C./C, = 1, 
(AA)* = 1 


(Hausen reference 4, Saunders and Smoleniee reference 6, Boestad reference 8 
C,/Ce = @ curve is same as for direct-type countertlow exchanger.) 
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special case of C./C, = unity and (AA)* = unity. He employed 


two methods. The first was based on the characteristic solution 
of Equation [4] and involved the evaluation of a large number of 
integrals. The method, known as the “‘heat-pole’’ 
method, was founded on the solution of Mquation [4] for the case 
where the initial temperature of a matrix tube at the start of the 
Fig. 2, is uniformly at fan). The final solution was 


second 


cold evele, 


EFFECTIVENESS, € % 


5 6 
NTUp = NTUc(7-> 


e Verses NTU 
See Table 1.) 


Design Curves FoR C, 


*090 
025-1 


+ 


if 
| 


EFFECTIVENESS 


7 


* 


Verses NTI 
See Table 2 


Pia. Destan Curves » FoR 


built up from this special case by a graphical and analytical proce- 
dure. These re described more completely by Iliffe 
5). Results were computed for magnitudes of C,/C, ranging 
only the curves for C,/C, > 
Hausen’s 


methods a 
about 0.2 to ©. However, 
unity are of interest in the 


results for C,/C, = 0.5, 1, 2, and 


from 
regenerator application. 
re presented graphically in 
Fig. 3. 

Nusselt’s Analysis. Nusselt (7), starting with the same differen- 
tial equations as Hausen, als, obtained a symbolic solution for the 
special case of (hA)* = unity and (,/C, Apparently 
computations from his equation are sufficiently laborious so that 


= unity. 


no performance curves have been presented. 
lliffe’s Analysis (5). Wliffe, starting with Nusselt’s 
succeeded in reducing the complexity of the calculations. 


result 
More- 


over, he extended the solution so it was not limited to (hA)* of 


unity and he caleulated performance curves for (hA)* of 1, 0.5, 


| 
€= | 
HH HH 
| 
| 
| 
| | 
= 
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| 
| 
| 
0 | | 
i 
‘ 


COPPAGE, LONDON —PERIODIC-FLOW 


and 0.333, with the remaining limitation still of C./C, = unity. 
These results will be employed later in arriving at the recom- 
mended design curves in Figs. 4 and 5. 

Analysis of Saunders and Smoleniec (6). These suthors 
employed a numerical relaxation technique in the solution of the 
differential equations and obtained performance curves for a 
range of C,/C, but still limited to both C,/C, and (hA)* = unity. 
The performance curves for C,/C, = 1 and 2, and © are plotted, 
Fig. 3, for comparison with the similar results of Hausen. It is 
to be noted that Hausen’s results for C,/C, = 1 and 2 are about 2 
points lower on € than the corresponding Saunders and Smoleniee 
results. 

Boestad’s Analysis (8). 
at the time of writing this paper, but from reference (9) the re- 
This solution is semi- 


The original article was not available 


sults of Boestad’s analysis were obtained. 
empirical, based on a number of approximations. For the case of 


= unity 


€ = @) — Ae {10} 


where €(¢, = @) is the effectiveness for C,/C, = ©, obtained from 


Equation [Sa] and the correction factor 


10 


is to adjust for the finite rotational speed of the matrix. 
These results are compared 


Seige with those of Hausen and Saun- 
of ders-Smoleniec, Fig. 3, and it is 
to be noted that while agreement 
is reasonably good for C,/C, > 2 

it is poor for CLC, = 1. 
te of x Approximate Analysis (10), 
L All the foregoing solutions, ex- 
0 8, ———— cept for the limiting case of 
TIME = = have been re- 
ONE CYCLE ” stricted to C./C, = unity and 
(to) for the most part to (hA)* = 
unity as well. Moreover, be- 
cause of very considerable 


mathematical complexit 
these solutions are available only 
in graphical or tabular numerical 
form. It is highly desirable 
therefore to obtain a closed-form 


solution, even if some severe ap- 


. proximations have to be intro 
Time-- duced to reduce the mathemati- 
cal difficulties. This has been 
(b) ‘ 
accomplished by the introduc- 
hic. Temperature Con- of th sdealizati 
DITIONS AT a Cross Section on of the following idealization 


in addition to those already used 
in establishing the differential 


(a, For approximate theory. 
6, For actual situation.) 
Equations [4]: 

Each fluid phase is completely mixed at any cross section so 
that one temperature characterizes the state of the hot fluid and 
one temperature characterizes the state of the cold fluid at the 
section in question for all times. 

This specification results in the type of temperature distribution 
described in Fig. 6(a). Obviously, such conditions are exactly 
correct only at the hot-gas inlet section, z = 0, for time 0 to 4, 
and at the cold-gas inlet section, s = L, for time 0 to @,, where the 
time intervals are as shown. At all other sections, and even for 
the cold flow at section z = 0 and the hot flow at sections = L, one 
would anticipate the behavior described qualitatively in Fig. 6(b) 
Nevertheless, for higher rotational speeds, i.e., C,/C, large, the 
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idealization of uniformity of 4, and ¢, becomes more correct’ and fe 


in the limit for C; = © it is exact. 


The results of the approximate analysis may be expressed (for 


< C,) 
KC, 
i ac 
r 
with 
BC, = ; 
NTU 
CC 
(hA)* 


Note that € from Equation [12] is expressible in terms of the four 
nondimensional parameters 
NTU o, (hA)* 


It can be demonstrated for C,/C, = 


specified in Equation [7]. 
that the approximate Equation [12] is correct in this limiting case 
and reduces to Equation [8] (using L’ Hospital's rule for indeter- 
minate forms of equations), This is in accord with the view 
previously reached that the idealization of 4, and ¢, funetions of x 
only, Fig. 6(a), is exactly valid for C, = o. 

For the case of C./C, = unity (again using L’ Hospital's rule), 


Equation [12] reduces to 


1 


by 
a4 ( r 


and with the additional restriction of C,/C, = © it will, as it 
should, reduce to the previous Equation [Sa]. 

It can be anticipated that Equation {12| will yield magnitudes 
of € which are low. The reason for this is that the idealization on 
which Equation [12] is founded postulates complete mixing at a 
section, Fig. 6(a). This mixing is a thermodynamically irrever- 
sible process and, as such, invariably will result in a lower €. 
This point can be demonstrated more forcibly by a further con- 
sideration of Equation [12a] for the limiting case of an infinite 
area matrix exchanger. Then (hA),, (hA), = ©, €., 6, = I, 
and Equation [12a] reduces to 


Thus for all finite C, 
In contradiction to this, however, the more correct 
1, e should be identically 


(’. ratios € is less than unity for the infinite 
exchanger. 
theory demonstrates that for C)/€, 
unity. 

This discrepancy imposes a limit on the usefulness of the 
approximate theory Equations [12' and [12aj. Nevertheless, 
for C,/C, > 10 and € < 80 per cent, Equation [12a] does provide 
good agreement This results 
from the fact that in this region C,/C, has but a minor influence. 


with the more exaet solutions. 
As a consequence, the following important conclusion which will 
be of later use is suggested, namely: 
The approximate theory, Equation [12], ean be used to- 
provide information on the relative effect of the C, Cy 


: 
= 


TRANSACTIONS 
ratio so that the firm design curves known for C,/C, = 1 
can be extrapolated to C,/C, < 1 for which no adequate 
design curves are now available. 
This conclusion is, admittedly, somewhat speculative and is pre- 
sented here as an expedient to use until more exact. solutions are 


available, 
RECOMMENDATIONS FOR DESIGN 


A review of the results of the available analyses suggests the 
following conclusions: 


1 Firm design curves of € versus NTU, are available for the 
restrictive conditions C,/C, = unity and (hA)* = unity. 

2 For the special case of C,/C, = © a complete solution in 
closed form (same as for the direct-type counterflow exchanger) is 
available for any C,/C, and (hA)*. 

3 Tiliffe’s results can be employed to determine the influence of 
(hA)*. 
connection, 

4 The approximate theory, in lieu of a better method, can be 
used to provide a reasonable basis for extrapolating the firm 
unity. 


The approximate theory also can be employed in this 


design curves of item | to conditions of C,/C, « 

This approach was used to arrive at the recommended design 
curves in Figs. 4 and 5. Note that the graphical representation 
is for € a function of C,/C,, €,/C., NTU, 
sional parameters instead of four as suggested in Hquation [7]. 
The reasons for this considerable simplification follow: 

Influence of (hA)*. Wausen, Saunders and Smoleniec, and 
Johnson (11) all recommend the application of the (hA)* = unity 
curves, for the case of (hA )* other than unity, by the expedient of 
using an average (hA) in the NTU, expression of Equation [7a], 


NTU, = (HA )ave ( 1 ) _ (have 
C, 1+ 1 2C. 


However, they differ in their recommendations as to the type of 
Hausen recommends a harmonic aver- 


only three nondimen- 


namely 


[13] 


average to be employed. 


age 
[ 
(hA )avg 2 (hA), (hA), 


Saunders and Johnson both recommend an arithmetic average 


l 
= [((hA), + (hA),| 


Of course, for (hA)* close to unity both averages yield essentially 
the same result. But for an (AA)* = 0.25, for instance, which 
may be an extreme case encountered in regenerator design, the 
Hausen average yields (AA )ave/(hA), = 0.400, while the arith- 
The corresponding influence on the 


[14] 


metic average yields 0.625. 
predicted area requirement, for a given effectiveness, would 
amount to 56 per cent. 

The results of Lliffe for (AA)* = 
question in favor of the Hausen average. 
based on the approximate theory support this conclusion down to 
(hA)* = 0.250, not only for C,/C, = unity but also for C,/C, < 
unity. Also for the limiting case of C,/C, = ©, the exact solu- 
tion Equation [8] gives precisely this type of average. 

As a conclusion to this consideration the Hausen average Equa- 
tion [14] is recommended for substitution into Equation [13] to 
obtain NTU, and thence € from Figs. 3 and 4. This is the basis for 
the representation employing only three instead of the four non- 
dimensional parameters specified in Equation [7]. 

Influence of C,/Cy. In the usual gas-turbine regenerator 
C./Cy & 0.96, reference (12), Table 3. 


circumstances C,/Ca may be reduced further below unity. 


0.500 and 0.333 resolve this 
Moreover, calculations 


However, under special 
For 
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this reason the design curves, Fig. 5, were prepared for C,/C, = 
0.90. Thus by interpolation between this set and Fig. 4 the 
range 0.90 < C./C, < 1 can be covered. . 

Fig. 4 for C./C, = unity was obtained directly from Hausen’s 
curves. These were used in place of Saunders’ results because 
they are moderately more conservative (see Fig. 3) especially for 
values of (./C, of the order of unity. 

Fig. 5 was prepared by the following method: The approximate 
theory, Equations [12] and [12a], was used to get € = @(NTU,, 
C,/C,) for both C,/C, = 1.00 and 0.90. The ratio of these 
effectivenesses, at common magnitudes of (NTU,, C,/C,), was 
then applied, point by point, to the @curves in Fig. 4 (for C,/C, = 
1) to obtain the curves for C./C, = 0.90 in Fig. 5. 

Illustrative Problem. The following numerical example is pre- 
sented to demonstrate that in spite of the large number of varia- 
bles involved in this type of problem, the curves in Figs. 4 and 5 
provide the designer with a ready means either to specify the 
matrix-area requirement for a desired effectiveness, or alterna- 
tively to determine the € to be anticipated from a given matrix 
core, 

Suppose the following parameters are given for an open cycle, 
9:1 pressure ratio plant (see cycle A, Table 3 of reference 12): 


(a) Specific flow rate of compressor air, 38.6 Ib/shp-hr plant 
rating. 

(b) Flow streams capacity-rate ratio, C,/C, = 0.97. 

(c) Matrix to compressed-air capacity-rate ratio, C,/C, = 
5.00. 

(d) Specific heat of compressed air, c, = 0.248 Btu/(Ib deg F ). 

(e) Convective-conductance ratio, h,/h, = 1.25. 

(f) Cold side conductance, h, = 20 Btu/(hr sq ft deg F). 

(g) Matrix-area ratio A,/A, = 0.500 (e.g., 110-deg air-flow 
angle, 220-deg gas-flow angle, 30-deg angle for seals). 

(h) Cold-side heat-transfer area at any instant, A, = 
sq ft/shp of plant rating. 


1.00 


On this basis the independent nondimensional parameters for 
Equation [7] become 
C./Cy = 0.97, €,/C. = 5.00, (hA)* = 0.625 


r e 


Number of transfer units on cold side 


The over-all number of transfer units from Hquation [7a] 


4X 20 
38.6 0.248 


NTU, = 8.36 = 5.14 
(1 + 0.625) 

Then from Fig. 4, for C,/C, = unity, € = 82.0 per cent; and from 
Fig. 5, for C./C, = 0.90, € = 84.2 percent. A linear interpolation 
for C,/C, = 0.97 yields € = 82.7 per cent as the final result. 

Neglect of the C,/C, effect means that the predicted € would be 
low by 0.7 points in this example. This ‘‘conservatism’’ repre- 
sents the performance of 5 to 6 per cent of the transfer area because 
of the asymptotic character of the NTU, relation. Or alterna- 
tively, for interpreting test results, a 5 to 6 per cent error would re- 
sult in the calculated convection coefficient. 


SuUMMAPY AND CONCLUSIONS 


1 Previous solutions for the periodic flow regenerator are 
limited in scope and, moreover, some disagreement exists between 
the design curves proposed by different workers, 

2 These previous solutions have been evaluated, an appro- 
priate set of nondimensional parameters specified, and a supple- 
theory presented. This approximate 


mentary approximate 


= 

4 

_ 
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TABLE1 PERIODIC-FLOW REGENERATOR PERFORMANCE 


(For Cc/Ch = 1—Fig. 4) 
¢ for indicated capacity-rate ratios, Cr/Ce 
1.5 2 5 
498 
589 
650 
694 
730 


759 


Sou oucus 


wows 


e 
os 


theory has the advantage of providing a closed-form solution, 
although admittedly it is of limited direct applicability. 

3 The approximate theory provides a reasonable basis for 
unity and (hA)* = 
unity to other conditions of interest in the regenerator-design 


extrapolating the known solutions for C,/C, = 


problem. 

$ Figs. 4 and 5 (and Tables 1 and 2) are the recommended 
design curves resulting from this study. An illustrative problem 
demonstrates their ready applicability. 

5 Additional solutions, 
methods, are highly desirable to support and to extend Figs. 4 
and 5, or possibly supplant them. In such calculations it would 
be desirable to obtain at least three and preferably four significant, 


obtainable by  analog-computer 


figures in the results. 
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Discussion 


G. M. Dusinperre.® Any small clement of a rotary regen- 
erator, under the usual assumptions, can be regarded as a cross- 
flow exchanger with a gas stream and a metal “stream.”’ A 
simple method of calculating crossflow exchangers is given else- 
where,® and this analysis can be extended, to the rotary regen 
erator 
racy, can be handled by automatic computing equipment 


The large number of subdivisions, necessary for accu- 
This 
is a project which the writer proposes to carry out 

A preliminary study shows that the authors’ wish for verifiea- 
tion of existing data is well founded. — For example, if we take the 
7 = lhe A, = hn An 2, so that NTU, = 2 
and NTU, = 1, consider each heat-transfer surface as a unit, and 


case C, = 


assume that arithmetic-mean temperature differences are valid, 
then «a simple arithmetic calculation gives = 0.500. Of 
If we subdivide each stream in half, a 

0.474. One third gives = 0.470, 

If these results are plotted, it will be 
0.465 
0.445 shown in the authors’ 


course this is too crude. 
similar calculation gives 
= 0.468 
seen that they approach a limiting value, Eo = 
quite different from the value 2 
Table 1. 

The writer has found that errors of this sort tend to arise when 


and one fourth, 
This is 


the procedure is to carry calculus as far as it will go, then re- 
sorting to a numerical procedure. Tf the numerical procedure is 
applied directly to the physical problem, there is less chance of 
propagating errors of computation and of curve-plotting 

Some additional references are furnished herewith? * 

D. B. The relationship for when C,/C,. = and 

5 Department of Mechanical Engineering, The Pennsylvania State 
College, State College, Pa. Mem. ASME 

®IME-ASME General Discussion on Heat Transfer, 
304, 305 

7*Heat Transfer and Fluid Resistances in Ljungstrém Regenera- 
tive-Type Air Preheaters,”” by H. Karlson and 8. Holm, Trans 
ASME, vol. 65, 1943, p. 61. 

§**Metal Temperature in Regenerative and Recuperative Air Pre 
heaters,’’ by T. A. Widell and 8. Z. Juhasz, Trans. Royal Institute of 
Technology, No. 54, Stockholm, Sweden, 1952. 

* Research Assistant, Massachusetts Institute of 
Cambridge, Mass. 
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OF | ATION Ove VALUES IN TABLE 1 
OF PAPER; Ce/Chr 
Cr/Ce 
1 5 2 5 
O1O O16 008 
ols oo} 
O16 003 
oll 00% ool 
005 
006 
006 007 
O10 
ool 
OO4 O17 


TABLE3 EXCESS 


ool 
006 
008 
Ol4 
O16 
02) 


003 
003 
006 


TABLE 2 


TABLE 4 EXC 16) OVE My ALUES IN 
Pit 


Ce/Ch = 
Cr / Ce 

2 5 » 
005 0 O06 0 0 
005 O08 0.011 
0.014 
ol OO2 0.009 
O18 003 0.009 
O16 OO4 0.010 
005 0 O10 
OOS 0.003 
008 O12 0 
004 016 0 006 


= 


ool 
002 
002 
004 
004 
007 
008 
007 


Se 


C,/C, = 1 (Equation [8a] of the paper) may be extended in an 
equally simple form for variations of C./C, in the range 0.9 to 
1.0. For this range of the capacity rate ratio of the flow streams 
the logarithmic-mean temperature difference may be replaced 
by out + (thin te out)]. In this case Equation [8] 
will be 


t. in) 


NTU, 
l + NTU, + 1 

For NTU, = 10, C./C, = 0.9, Equation [15], herewith, gives 
€ = 0.952 or 0.007 higher than the value tabulated in Table 2 of 
the paper. For lower values of NTU, and/or higher C,/C, the 
agreement becomes almost exact 

Kquation [15] of this discussion may be corrected for finite 


in an empirical manner, Corbitts’”’ correction factor 


| 


Saunder’s solution well but to fit Hausen’s solution in the 
C,/C, range of this paper the exponent on (C/C,) should 
Since this correction factor will 


fits 
(NTU) 
be somewhat greater than 1 
certainly be approximate 


is adequate and has the advantage of being simple. Thus the 


final relationship may be written 
16 
C, C, | 


NTU, 
NTU, C. | 


Ch 


The amount which Equation [16] exceeds typical values in Tables 
1 and 2 of the paper is given in Tables 3 and 4 of this discussion. 


As the error is large only near NTU, = 1 and NTU, = 10, 
Equation [16] is a very acceptable design guide for regenerator 
performance as it accounts for varying (AA)* and C,/C,, and 
gives a result generally within 1 per cent of that obtained from 
the curves of Figs. 4 and 5 of the paper, It has the added ad- 
vantage of not requiring interpolation for values of C./C, not 
graphed. Equation [16] gives the same value € = 82.7 per cent 
for the illustrative problem in this paper. 


1© Referred to in discussion of authors’ reference (5). 
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AutHors’ CLOSURE 


It is worth while at this point to compare the nondimensional 
parameters proposed for use in this paper to those previously 
employed in the literature. 


5. The advantage of the proposed groupings is evident when 
Equation [7] is compared to 


This comparison is given in Table 


e = G(A,, Ay, {17] 


as proposed by Hausen and Saunders. It is evident from Table 
5 that either the hot side or cold side heat-transfer area appears in 
all of the independent parameters of Equation [17]. In contrast, 
for the parameters in Equation [7], the heat transfer areas appear 
only in NTU, and (hA)*. it is demonstrated in the 
text that (hA)* can be eliminated as a separate parameter and 
included only in NTU, as defined by Equation [7a]. Thus the 
transfer areas appear explicitly in one and only one independent 


Moreover, 


parameter, 


COMPARISON OF TERMINOLOGY > 


Equivalent in 7 
present terminology 


TABLE 5 


Symbol———— 
Saunders (6) Hausen (4) 


Ae 
Ah 


Term 


Reduced surface Ire 


Reduced period..... we 


wh = (Ge/Ch) (Cr/Co) 


Ratio of reduced 
surfaces 


(hA)* 


NTUc/NTU 
Ce/Ch 


Ratio of reduced 
periods 


C- (hA)e 


NTUn Ca (hA)A 


Utilization 1 


Cr/Co 
Cr/Ch (Ce/Ch) (Cr/Ce) » 


( ‘ORREC bh ois TO TABLE 1 AS DETERMINED FROM 
OHNSON’'S RESULTS" 


Ac for C- 


TABLE 6 


Ca = 1 and the indicated capacity rate 
ratios 
Ce 


NTU. 


et 


Johnson"! — ¢, Table 1). 


After reading Professor Dusinberre’s comments, the work of 
Johnson" was brought to the attention of the authors. The 
careful calculations of Johnson reported in tabular form support 
the Saunders and Smoleniee graphical results in preference to 
those of Hausen’s; see Fig. 3. For this reason the authors are 
changing their recommendation to the use of the results reported 
by Johnson. The corrections to be added to the entries of Tables 

1! “Regenerator Heat Exchangers of Gas Turbines,”’ by J. E. 
Johnson, ARC Technical Report No, 2630, Her Majesty's Station- 
ery Office, London, England, 1952. 


= 
|| | 
NTUs 
1 0 
2 0 
3 0 
4 0 
6 0 
7 0 
|_| 
0 
| 
— 
Cr/Co 
‘= 
| 


COPPAGE, LONDON 


1 and 2 may be established from Table 6. As can be seen, these 
corrections, though small, are significant. Moreover, they are a 
maximum in the area where Professor Dusinberre made his check 
calculation and they support his correction of 0.02 to be applied 
to the € for NTU, = 1, C./C, = 1. It is hoped that Professor 


Dusinberre will report his additional calculations in the near 
future, particularly for magnitudes of C./C, < unity, as these 
cases are not considered by Johnson. 

Mr. Harper makes the point that a relatively simple algebraic 
expression such as Equation [16] may be used to determine the 


effectiveness. This expression is based on the relation for € = 
@(NTU,) for true counter flow with C,/C, = land C,/C, = ©. 
Then, empirically determined modifying terms are introduced 
to account for C./C, < land C,/C, < . This is an interesting 
and useful result. However, it is noted that Equation [16] 


PERIODIC-FLOW REGENERATOR 


~ 


Mm 
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can be improved by using the original Corbitts’ correction factor 
involving (C,/C.)? instead of to the first power, and omitting the 
(C,/C,) quantity in the second bracket. Thus 


NTU, 


+1 


This equally simple equation will be found to be in better agree- 
ment with Johnson's results'! as incorporated in Table 6. | Equa- 
tion [16], as it stands, yields € on the low side by a maximum of 
about 2.5 per cent at C,/C, = 2. For the limiting cases of C,/C, 
= 1 and o, the two Equations [16] and [18] are in essential 


agreement. 


|| 
| 
C, 
= 
S 
= 
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- 
— 
a 
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A Practics 


H. SMITH, 


During the past decade three-dimensional flow problems 
of turbomachinery have been solved for frictionless fluids 
under the assumption of an infinite number of vanes. 
However, the practical application of this advancement to 
the design of turbomachinery has not yet reached a state 
of acceptance commensurate with the practical impor- 
tance of this theoretical development. The present paper 
endeavors to such by 
presenting the principles of the theory in a physically 
simple manner, and by illustrating its application by two 
examples, solving the general problem by two successive 
The first approximation disregards the 
streamlines from their 
the second 


contribute toward application 


approximations. 
departures of the meridional 
straight and parallel potential-flow pattern; 
approximation takes account of these departures on the 
basis of the first. The vorticity of the flow is assumed 
to be strong. The time and means required for working 
out each of the examples were found to fall within the prac- 
tical limits of a competently staffed engineering depart- 
ment. 


NOMENCLATURE 


The following nomenclature is used in the paper. 


Cp = specific heat at constant pressure, ft-lb /Ib-deg R 
g = acceleration of gravity, ft/sec? ee 
h = static enthalpy per unit weight, ft/lb 
H = total energy (V*/2g + h), ft-lb/Ib 
I = relative total energy (H UVo6/q), ft-lb/Ib 
m = meridional co-ordinate, ft 
n = normal (tc stream surfaces) co-ordinate, ft 
N = number of blades, dimensionless 
p = static pressure, lb/ft? 
R = principal radius of curvature of streamline, ft 
r = radial co-ordinate, ft 
rm = radius of curvature in meridional plane, ft 
7 = absolute temperature, deg R 
U = velocity of runner (w & r_), ft/see 
V = absolute fluid velocity, ft/see « 
W = fluid velocity, relative to runner, ft/sec 
z = axial co-ordinate, ft 
[ = circulation around axis of rotation, ft®/sec 
I’, = circulation around vane element, ft?/see 
' Research Staff Assistant, Department of Mechanical Engineering, 
Johns Hopkins University. Jun. ASME. 
? Research Assistant, Department of Mechanical Engineering, 
Johns Hopkins University. Jun. ASME. 
§ Chairman, Department of Mechanical Engineering, Johns Hop- 
kins University. Mem. ASME 


Contributed by the Hydraulic and Gas Turbine Power Divisions 
and presented at the Annual Meeting, New York, N. Y., November 
30-December 5, 1952, of Tue American Society or MecHANICAL 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, Septem- 
ber 22, 1952. Paper No. 52—A-168. 
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= vorticity of absolute flow = VX V), 1/see 
@ = absolute peripheral angular co-ordinate, deg or radians 
p = mass density, lb-sec*/ft* =— 
yg = angle defined in Fig. 4, deg, radians 
= angular velocity of rotor, 1/sec - 
Subseripts: 
= inside (hub) position 
m = meridional component - 
n = normal (to meridional stream surface) component 
o = outside (tip) position 
z = axial component a= 
8 = peripheral component 
1, 2,3, .... stations along axis (see Fig. 17 or 29) _ 
INTRODUCTION 
The classical, one-dimensional theory of turbomachinery is 


well known to be insufficient for the description of the flow distri- 
bution whenever the cross-sectional dimensions of the fluid pas- 
sages are of the same general magnitude as a significant length of 
the same passage. The resulting three-dimensional flow problem 
usually has been broken up into 2 two-dimensional flow prob- 
lems, focusing attention either on the flow distribution in meridi- 
onal (9 = const) planes while assuming uniformity of flow in the 
peripheral direction (“axial symmetry,” “infinite number of 
vanes’), or on the flow distribution between the vanes along 
coaxial stream surfaces, considering the form of these surfaces, 
i.e., the meridional flow picture, as given. 

The present paper is concerned with the former of these two 
problems. This problem was first attacked in detail by Lorenz 
in 1906 (1).4 Its solution was obtained at that time by assuming 
the meridional velocity to have a potential. 
demands that the peripheral fluid velocity is also deseribed by a 
i.e., it forms a vortex of uniform angular 
Ail fluid velocities for 
the vane forces must not have a com- 


This assumption 


(multivalued) potential; 
momentum (free vortex). 
Furthermore, 


this case are 
irrotational, 
ponent normal to the meridional stream surfaces, 

With the development of axial-flow compressors and turbines 
for maximum head and through-flow it became desirable to de- 
” pattern of the peripheral fluid motion 
uniformly 


part from the ‘‘free-vortex 
to enable Mach-number limitations to be met more 
along the blade span. From energy considerations it is immedi- 
ately clear that in this case the meridional flow also must depart 
from a potential flow pattern. 

The problem of departures from the potential flow pattern of 
the peripheral and meridional flow and of their 
corresponding interaction has been the subject of several recent 
for example, 


components 


theory of turbomachinery, see 


The present paper will attempt to sum up 


contributions to the 
Bibliography (2-5). 
the results of this theoretical development in a manner permitting 
its practical application to the design of turbomachinery. This 
application demands the consideration of strong departures from 
potential flow patterns, thus precluding the possibility of an 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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analytically closed solution using the familiar method of ‘small 
perturbation,”’ such as given by Marble (2) and others. The 
solution suggested here shares with that of Wu and Wolfenstein 
(3) the advantage of being, within the limits of its basic assump- 
tions, quite general, and is in all its details capable of very 
straightforward physical interpretations, 


PuysicaAL CHARACTERISTICS OF THE FLOW ProBLEeM 


In the preceding section the present problem was described as 
one connected with departures from a free-vortex flow which 
is characterized by a uniform value of its “circulation” (I, = 
Po = I’, in Fig. 1) or «a uniform value of its angular momentum, 


FLOW APPROACHING 
SYSTEM ASSUMED 
AXIAL AND UNIFORM 


FLOW LEAVING 
SYSTEM 


Vortex System or A VANE IN AN Axtat-FLOow VANE 
System With NonuNtroRM VANE CIRCULATION 


For three-dimensional considerations it is advisable to use the 
more basic concept of vorticity because of its clear vectorial 
character, For present purposes vorticity may be characterized 
roughly as a velocity gradient deseribing a departure from the 
potential flow pattern. The present flow problem thus is seen 
to involve the concepts of radial gradients in angular momentum 
(or equivalently radial gradients in the circulation about the axis 
of rotation, [') and the “trailing vorticity’? which is, in general, 
shed from the vanes wher the vane circulation I’, is not constant 
over the span (radial extent) of the vanes 

Fig. 1 is an attempt to show graphically the interrelation be- 
tween these concepts. For simplicity of representation the flow 
is shown entering the vane with uniform axial velocity and with- 
out rotation about the axis. The angular momentum of the flow 
leaving the system is described by its circulation which, in the 
case considered, is equal to N times the circulation [', of each 
vane, where N is the number of vanes (6). Assuming nonuni- 
form vane circulation so that [,, > [', > [,, (where I’, applies to 
the mid-section of the vane) and consequently 7, > > T,, we see 
by this relation a simple expression of the well-known physical 
fact that a vane circulation increasing toward the outside (for 
example) produces a flow of increasing angular momentum toward 
The difference in angular momentum or circulation 
the mid-radius and the 
—— 
where AT’, Tn I’, is in this case the circulation of the trail- 
ing vorticity between the two vane sections considered which, 
according to either Helmholtz’ vortex law or Prandtl’s wing theory, 


must be just equal to the difference in the “bound vorticity” or 


the outside, 
in the discharging stream between, say, 
outer radius is 


rn—reN (I, =N Are 


JULY, 
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circulation between the two stations considered. The 
analogous relation exists obviously between the innermost and 
the mid-vane sections. The circulations of the complete trailing 
vortex pattern of a system with 12 vanes are shown in end view 
in Fig. 2. 

In the preceding example the presentation was made physi- 


cally clear by discussing the flow around a finite number of vanes. 


vane 


It was shown that vortex sheets (sheets across which there is a 

discontinuity in velocity) are shed from the vanes and it follows 

With 

the assumption of axial symmetry, which will be made presently 


— 


that the trailing vorticity is concentrated in these sheets. 


R 
NAn 
NOP. 


View or a TrRAtLinc Vortex Patrrern ror AN AXIAL- 
System or N = 12 Vanes 


Fic. 2 


to enable a simpler mathematical solution, it is necessary to 
think of an infinite number of vanes each shedding an infinitely 


weak vortex sheet. This concept then corresponds to that of 


distributed vorticity, ¢. Aceording to the vortex law of Helm- 
holtz, the trailing vorticity must follow the direction of the flow 
leaving the vane system. For axial approach to the system, as 
assumed here, the flow leaving the svstem cannot be axial, forming 
with the axial direction the angle 8B (measured in a tangential 
plane). The axial component of the vorticity (¢,) aecounts for 
the departure from constant angular momentum, i.e., from the 
potential pattern of the peripheral fluid motion, whereas the 
peripheral component of the trailing vorticity (€%) represents a 
departure of the meridional flow (flow in planes normal to the 
This is the 
kinematic expression of the fact that a vane system of nonuniform 


peripheral direction) from a potential flow pattern. 


circulation produces, together with departures from the free- 
vortex or potential pattern of the peripheral component of the 
discharging flow, also a corresponding effect on the meridional 
component of this flow as previously suggested on the basis of 
Specifically, for axial-flow machines the 
axial velocity is under such conditions no longer constant. The 
fact that in the case considered here the vorticity vectors have the 
directly opposite direction to the corresponding velocities, Fig. 1, 
results from the directional definition of vorticity and therefore 


energy considerations, 


has no deeper physical significance. 

In closing the present consideration on the physical charac- 
teristics of the flow problem, attention should be focused on the 
fact that the trailing vortex sheets as shown in Figs. 1 and 2, 
obviously induce not only peripheral and axial fluid motions but 
also radial motions which are seen in Fig. 2 to vary periodically 


along the peripheral direction of the system. It can be shown 


a 
| 
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that these periodic radial motions tend to zero as the vane spacing 
is made smaller and smaller for the same total circulations and 
vorticity in the discharging flow. For the present considerations 
this is the principal reason why this theory will assume complete 
axial symmetry in the sense of going to the limit of an infinite 
number of (frictionless) vanes, thereby eliminating all variations 
of the flow conditions in the peripheral direction, 

The theoretical simplifications resulting from this elimination 
of the peripheral co-ordinate 6, and with it the unsteadiness con- 
nected with the rotation of one vane system relative to another 
fully justify this step for the purpose of arriving at a tractable 
problem. It should be reeognized, however, that there is no 
known physical reason why this assumption should be considered 
as sufficiently accurate to describe the flow through actual vane 
systems of finite vane spacing. The chief justification for 
the assumption of axial symmetry lies in the fact that under this 
assumption theoretical results can be obtained which may then 
be compared with careful test results in order to obtain a check 
on the validity of this and other assumptions made. 


DERIVATION OF THE Basic 


In the following, equations will be derived that deseribe ana- 
Ivtically the flow conditions discussed previously. 

The assumptions necessary to arrive at practically useful and 
reasonably simple relations are the following: 

(a) Isentropic flow, specifically the absence of fluid friction 
and of heat transfer; ideal gas law. 

(6) Axial symmetry of flow, defined to mean complete uni- 
formity of flow in the peripheral direction. 

(c) Steady flow. 

(d) No fluid body forees. This assumption limits considera- 
tions primarily to flow in the space outside of the vane systems, 
since the latter are replaced with assumption (b) by fields of con- 
tinuously distributed forces. 

The most direct way of deriving the equations describing this 
problem probably would result from the application of the vortex 
laws of a frictionless fluid to the boundary conditions of turbo- 
machinery under the assumptions made. However, this method 
would not be as likely to reveal the physical mechanism deseribed 
by the equations as the use of some simple considerations of flow 
energy and “radial equilibrium.” 

The total energy of a flowing gas is expressed (in foot-pounds 
per pound of fluid) by 


H 


where V is the absolute velocity ft /see, g the gravitational accelera- 
tion, and h the enthalpy of the moving gas as measured by instru- 
ments moving with the gas, ft-lb per Ib. 

Under assumption (a) this energy H will be constant along the 
streamlines as long as one does not pass through the influence of 
a moving-vane system. Considering two neighboring stream- 
lines not passing through a moving-vane system, Fig. 3, it is evi- 
dent that the difference in total energy dH between these two 
streamlines will remain constant along the flow. Consequently, 
the relation between two stations 1 and 2 not separated by a 
moving-vane system is, with reference to Fig. 2 (n is a co-ordinate 
everywhere normal to the meridional stream surface) 


oH oH 
dH = ( ) dn, = ( ) dn; = const.... ... [2] 
On On 


y - (*) (2) dn 


expressing the simple fact that the gradient of total energy 
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H- CONST ALONG 


STREAMLINE 
| 


a Stationary Vane System on VaNne-b Ree 
SPACE 


STATION 2 


normal to the meridional streamlines (or surfaces) is inversely 
proportional to the normal distance between these streamlines. 
The distance dn or An 
accurately obtainable by sealing, but the significant ratio dn, /dny 


between the streamlines may not be 


can be calculated from the meridional velocities and the densities 
by the continuity relation 


dn, 
dns Pi Vea 


Differentiating Equation [1] with respect to n 


Putting 


or 
On 


and using the equation of state of an ideal gas and the relation 


between the pressure p and the mass per unit volume p for isen- 
tropic changes, it can be shown that 


For any curved flow the pressure gradient normal to the flow is re- 
lated to the velocity V of the flow and the radius of curvature 7? of 
the streamlines by the condition of radial equilibrium 

1 Op Vs 


p on OR 


For a flow with a peripheral component Vg and a meridional 
component V,, it seems simplest to consider the peripheral flow 
in the development of a conical section O, A, Fig. 4, normal to 
the loeal direction of the meridional streamlines, with the apex 
O of the cone on the axis of the machine. In the development of 
this conical section the radius of curvature of the peripheral flow 
is obviously r/cos g, where r is the shortest distance from the 
axis of rotation as shown in Fig. 4 and ¢ the local inclination of 
the meridional streamline against the axial direction, Counting 
the increment along the normal to the meridional stream surface 
as positive when increasing the distance from the axis of rotation, 
the foregoing relation becomes, for the pressure gradient normal 
to the meridional streamlines (surfaces) 
Op Ve? 
= + 


p on r/cos 


where r,, 1s the radius of curvature of the meridional streamlines 
The plus sign applies to the case shown in Fig. 5, the minus sign 
to that shown in Fig. 4, referring to the direction of curvature of 
the meridional streamlines, 

Considering that the total velocity Vo can be expressed by ite 


~ 
H+ 4H = CONST dn, it - » 
ALONG STRtAM- 
LINE 
> = = 
| 
AKI 
. 
— 
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MERIDIONAL 
STREAMLINES 


peripheral and meridional components (V? = Vg? + V,,*), the 

first term on the right-hand side of Equation [5] may be written 
in the form 
> 

10 OVs 

(V2) = V, + V.-—.... 

2 On ) P on on 


[9] 


Substituting from Equations [6], [8], and [9] into Equation [5] 
the following relation is obtained 


oH Vo oV. V, 

on on on T= 
According to the usual definition of vorticity the expressions within 
the parentheses can be written as the components of the vorticity 
parallel to V,, (€,,), and parallel to Vg ({9), respectively 

Vo 
= + 


on r/cos ¢ 


{11)] 


be = (° 


on 


=) 


Equation [10] may thus be written in the form 
[12] 


Considering that the velocity and vorticity components normal 
to the meridional stream surfaces are zero, Equation [12] also 
may be given the vector form 


It will be understood that the last equation could have been 
derived more directly from the laws of vortex flow of an ideal 
fluid. However, the physical background of this equation, in- 
volving the energy relations [1] and [2], and the condition of 
radial equilibrium, Equation [8], might have been obscured by 
presenting Equation [13] directly. 

In order to derive a corresponding relation to Equations [10], 
{12], and [13] for the flow through rotating-vane systems it is 
customary to introduce the concept “relative energy” 7, by the 
definition 

U Vo (14) 
2y g 

Since the term, by which the relative energy J differs from 
the energy of the absolute flow H, was chosen to be the familiar 
term in Muler’s momentum equation of turbomachinery, applying 
to a station in front of or behind a rotating-vane system, it is easy 
to see that / is constant along (meridional) streamlines through 


rotating-vane systems, Fig. 6. All relations previously derived 
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for H apply then to / if one simply introduces the additional term 
U V6/qg into all relations concerned. Particularly 
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Subtracting the last expression from Equation [10] as demanded 
by the definition of the relative energy, Equation [14], the follow- 


However 


and hence 


ing relation is obtained 


V ov V 
on r/cos on 


Defining W = V U we have (V5 U) = We and V,, = W,,. 
It is therefore physically clearer if the foregoing relation is written 
in terms of the relative flow 


ol ov, Vv ov, 
9 We ( )+w.( 
on on r/cos On 


and, analogous to Equations [12] and [13] 


The last equation together with the corresponding Equation [13] 
permit us to formulate the present result in the following manner: 

The gradient of the total flow energy and of the relative energy 
normal to the meridional flow is given by the vector product of 
the flow velocity relative to the system and the vorticity of the 
absolute flow. 

It follows from the assumption of frictionless flow and axial 
symmetry that the gradient of the energies as defined cannot have 
a component parallel to the meridional stream surface; i.e., this 
gradient is normal to the meridional stream surface. On the 

other hand the vector products V X € and W &X €¢ are also nor- 
mal to the meridional stream surface since for a frictionless flow 
(outside of the vane systems) not only the velocity but also the 


vorticity ¢ cannot have a component normal to the meridional 
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stream surface. Hence in Equations [13] and [19] the gradients 
OH/Odn and can be interpreted vectorially. These equa- 
tions then express the equality of two vectors in direction as well 
as magnitude, both directed normal to the meridional stream 
surface. This result directly reflects the original assumption of 
frictionless flow. 

For the practical application of the foregoing relations not the 
energy gradients as such but the law governing the behavior of 
this energy gradient, as expressed by Equation [3], is decisive. 
The corresponding law for the relative energy is, by the foregoing 
definition and Fig. 6, the same, i.e. 


day 

Equation [4] also may be used with Equation [20] as well as 
with Equation [3]. 

Combining Equations [3], [20], and [4] with Equations [10], 
{13], [17], and [19] one obtains for the relation between two sta- 
tions 1 and 2 on the same meridional streamline before and be- 
hind a stationary and rotating-vane system, respectively: 

For stationary-vane systems or vane-free space 
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It should not be too surprising that completely analogous ex- 
pressions are obtained for stationary and rotating vane systems. 
In both cases the vorticity added by the particular vane system 
has, as trailing vorticity, the direction of the flow leaving the 
system relative to that system, whether stationary or rotating. 
This means the vorticity shed from a system does not add to or 
subtract from the vector product of the vorticity and the flow 
relative to that system; i.e., it leaves that product unchanged as 
expressed in essence by Equations [22] and [24]. Thus these 
equations express principally the facts shown in Fig. 1 and dis- 
cussed in connection therewith, considering that Fig. 1 could be 
applied also to rotating systems simply by replacing the absolute 
velocity V and its components by the relative velocity W and its 
components. 


MetTuHops OF SOLUTION 


Equations [21] through [246] may be used in the following 
manner to predict flow with vorticity through a stage or blade 
row of a turbomachine: 

The flow may be assumed as given at station | or 2, 
one side of the blade row considered, 


e.g., at 
This determines com- 
pletely one side of the equation with which we are concerned, 
although the determination of the velocity gradients OV4/On and 
OV,,/On from an arbitrarily given velocity distribution involves, 
in the general case, the familiar difficulty of differentiating a 
numerically or graphically given function. 

For the other side of the same equation one may now choose 
one of the two components of the flow and then numerically or 
graphically calculate the other. 
the foregoing) Operation it is necessary to approximate in advance 


To carry out this (as well as 


the local inclination ¢, as well as the local radius of curvature 
r, Of the meridional streamlines at the two stations considered, 
The required approximation must be derived from a lower-order 
approximation of the entire flow. The potential pattern of the 
meridional flow may be used as first approximation for y and r,,. 
With such an assumption the before-mentioned numerical or 
graphical calculation of the missing flow component can be com- 
pleted except for a constant of integration 
ity component is the meridional one (which is usually the ease) 
then the constant of integration is to be determined from the 


If the missing veloe- 


condition of continuity. For incompressible fluids the average 
meridional velocity may be calculated immediately from the 
given rate of volume flow. If one estimates at which point of 
the cross section the loeal velocity may be expected to agree 
with the average velocity (usually near its center), the numerical 
process of integration may be started at that point with a given V,, 
and the corresponding slope of the V,,-curve, OV,,/On, calculated. 
With this slope the V,,-values at neighboring points may be esti- 
mated and the process repeated. The convergence of the result- 
ing sequence of iterations is usually very fast. 

For compressible fluids it is usually possible to estimate the 
average density of the gas in the cross section considered, and 
thus calculate the rate of volume flow and average meridional 
This is difficult only 
when the meridional velocities are near the acoustic. The sub- 


velocity from the given rate of mass flow. 


sequent procedure is the same as before. 

If the peripheral component of the flow is to be determined the 
constant of integration, i.e., the initial value for a step-by-step 
process of integration as described before, is usually given by 
certain requirements regarding the angular momentum of the 
which follow the 
preseribed performance of the machine and the distribution of its 


flow in the cross section considered, 
load over its stages. 

The easiest and practically most significant case of application 
There the potential 
flow pattern which is to be used as “‘first approximation’ has 


is (at present) that of axial-flow machines. 


straight meridional streamlines parallel to the axis of the machine. 

Consequently, everywhere the inclination g of these streamlines 

is infinite 

allow the assumption that poreVing = pitiVnr (Or dng = 

dn = dr), equations [21] through [246] assume the form 
For stationary systems 
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For rotating systems 
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The foregoing equations were presented (6) where they were 
derived by applying the condition of radial equilibrium in its 
simplest form, Equation |7|, to the flow at the inlet and discharge 
sides of stationary and rotating axial-flow vane systems. 

After solving the simplified Equations [25] through [28)] one 
can plot the approximate meridional streamlines by using the 
condition of continuity The local radius 
of curvature r,, may be obtained graphically or numerically from 
these streamlines and may be used in the basic Equations [21] 
through [246] for a second approximation. After some experi- 
ence it is possible to anticipate approximately the effect of the 
r,-term in these equations on the meridional velocity distribu- 
and thereby improve the accuracy of r,, as introduced by 


= 


at successive stations, 


tion, 
this step of approximation. 

In most practical cases of axial-flow machinery the inclination 
of the streamlines yg will be so small that departures of cos ¢ 
from unity can be disregarded, although its consideration would 
not be difficult. 

The foregoing procedure is in principle that by which the fol- 
lowing examples were worked out. It will be seen that the higher 
approximation just mentioned differs but slightly from that ob- 
tained by disregarding the curvature of the meridional stream- 
lines, i.e., by using Equations [25] through [285], although the 
vorticity, i.e., the originally postulated departures from a poten- 
tial flow pattern were about the strongest that may reasonably 
be expected for axial-flow machines. The first introduction of 
the curvature of the meridional streamlines (resulting from the 
vorticity of flow in axial-flow machines) may therefore safely be 
regarded as the final step in this process of successive approxima- 
tion (again excluding the case of near acoustic meridional veloci- 
ties in the cross sections considered), 

In closing this discussion on methods of solutions it seems 
advisable to focus attention briefly on the special case when the 
flow approaching a stationary-vane system is irrotational. Un- 
der this condition the simplified Equations [25] and [26] permit 
an extremely simple graphical solution which is not only practi- 
cally useful but, beyond that, illustrates vividly the simplicity of 
the physical facts expressed by this theory. 

The equation governing the flow at the discharge side of the 


. [30] 


system is obviously 


or, explicitly 
OVe 

or 


Equation [29] expresses clearly the fact that in this case the entire 
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vorticity is shed as trailing vorticity from the vanes as illus- 
trated in Fig. 1. Therefore the velocities by which this flow differs 
from a potential flow must be normal to the velocity leaving the 
vanes, On this simple basis one may derive graphically from a 
given velocity diagram at radius rg the velocity diagram at a 
nearby radius rg as shown in Fig. 7. If the flow were irrotational, 
the velocity at rg would be given by the velocity Vg* whose end 
point B* is derived from A by the law of constant angular momen- 
tum. The departure AV from this potential flow pattern, leading 
from B* to the final point B, must then be normal to Vg to satisfy 
Equation [29]. The point B may then be fixed if Vag or Veg 
is specified, 


Veg 
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It can also be shown that the geometric relation between AV, 
AV,,, AVo*, as shown in Fig. 7, and the (small) radial step Ar 
satisfies Equation [30] in terms of finite differences. Most il- 
luminating appears to be the fact that the step from B* to B, 
based on the vector Equation [29] leaves the magnitude of the 
velocity Vy* or Vg substantially unchanged, thus also satisfying 
the energy requirement mentioned earlier in this paper. 

The method of solution illustrated in Fig. 7 applies on the 
basis of Equation [28a] also to rotating-vane systems if the 
absolute velocity V is replaced by the relative velocity W. The 
step from A to B* must in this case obey the free-vortex law of the 
absolute, not of the relative flow. 

The graphical solution indicated was used by one of the authors 
for several years in work on aircraft gas turbines. A similar 


procedure was also suggested by Pinnes (5). 


APPLICATION TO MULTISTAGE AXIAL COMPRESSORS 


Two independent examples were worked out in order to estab- 
lish by actual application whether the principles and methods 
outlined in the preceding sections could be used for design pur- 
poses. This question was affirmatively answered by deriving the 
velocity distributions for two compressors of strong vorticity 
(nonuniform circulation) within approximately 500 man-hours for 
each example, including a rather lengthy procedure of trial and 
error to arrive at some degree of optimization for the given de- 
sign conditions. 

For both examples it was decided te use at the inlet to the first 
rotating blade row a “‘prerotation’’ of the entering gas varying 
approximately along a straight line from a maximum value at 
the tip to zero at the hub. The hub-to-tip diameter ratio was 
chosen to be 0.50. 

The inlet condition therefore differed from the potential flow 
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pattern more drastically than the familiar type of 
prerotation, so that the vorticity was quite strong and certainly 
precluded the application of small perturbation solutions. How- 
ever, this choice of prerotation also corresponded, in the opinion 
of the authors, to the practical requirements of axial compressors 
for maximum pressure rise per stage with given limitations in the 
Mach number of the flow relative to the blade rows. The periph- 
eral component of the fluid velocity at the blade tips, entering 
the runner blades, was of the order of one third of the peripheral 
velocity of the blades. 

It was found that with the degree and form of prerotation 
chosen for the first runner inlet, the first runner could not be de- 
signed for uniform energy input or circulation over the radial ex- 
tent of its vanes. This will be demonstrated by referring to 
Equation [28h] applied to the first rotating blade row. 

It is easy to show® that for uniform circulation of the runner 
= ¢{,,. Furthermore, for the same volume flow 
and cross section before and after the runner there is some radius 
where Wn. = Wa, = W With this understanding Equation 


“solid-body"’ 


blades = 


[285] appears in the form 


(Woz Wo) = W,, (Se: — Fa) [31] 


the peripheral component W%», of the relative velocity 
changes in the direction of the runner motion, i.e., in the positive 
direction, it follows that Wo. Wo, >0. Hence, since all other 
terms are positive, Cg > €g, i.e., the vorticity of the meridional 
flow increases through a pump runner of constant circulation. 
For the prerotation chosen it follows from Equation [30] that 
the vorticity of the meridional flow between the stationary guide 


Since 


vanes and the first-stage runner 


Thus the meridional velocity decreases toward the outside, and 
it then follows from the preceding considerations that after the 
first-stage runner the meridional velocity would decrease still 
faster toward the outside. Under the 
the meridional velocity would indeed drop to imaginary values 
at the tip after the first-stage runner, which indicates that it is 
impossible to balance the flow. This behavior can be avoided by 
increasing the first-stage runner-blade circulation toward the 
blade tip, a necessity for the inlet conditions chosen in the exam- 
ples. This nonuniform energy input to the gas of course must be 
partly eliminated in the following stages. The two examples 
chosen differ principally by the fact that in the first case this 
equalization of the energy input is distributed over several stages, 
while in the second case it is completed in the 

Since the prerotation selected for these examples has as its pri- 
mary purpose the limitation of the Mach number of the flow rela- 


actual conditions chosen 


second stage. 


‘meaning that these velocities should be uniformly high in relation 
to the acoustic. Furthermore, it was stipulated that not simply 
the head per stage but the power, i.e., the head times the rate of 
flow, should be a maximum for given limitation in Mach number. 
The totality of the conditions prescribed was intended to give a 
realistic picture of the applicability of the theory under the prac- 
tical requirements of compressor design. 

of course, not met by an automatic method of mechanical caleu- 

lations. 


These conditions were, 


With a procedure of trial and error, requiring considera- 
ble judgment with respect to the over-all significance of every 
step taken, and reasonable competence, the method suggested 
here was found to be entirely practical. 

It is impossible to give within the limits of this paper a com- 


® Reference 6, chapter 11. 
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plete account of the details of procedure. For this the reader is 
referred to the complete reports of this work given under refer- 
ences (7) and (8). In the following only a brief summary of this 
work is given. The design of a compressor with more than two 
stages will be presented first. 


Compressor DesiGns 


Figs. 8 through 11 show some possible velocity distributions at 
the inlet (subscript 2) and the discharge (subscript 3) of the first- 
stage runner. It will be noted that here as well as in the follow- | 


tip-radius r,, and the velocities by dividing by the runner-tip 
velocity U,. The inlet to the stationary guide-vane system _ 
ahead of station 2 is uniform and purely axial and is therefore not 
shown, Subscripts o apply to the tip, subscripts ¢ to the hub | 
sections. 

The significant variable in these various trials is the ratio of the 
limiting inlet velocity V, into the rotor or following stator row 
to the tip velocity of the runner U,. For each of the chosen con- 
figurations the power (head times rate of flow) was determined. — 
It was found to be a maximum at V,/U, = 0.75, Fig. 9. 
ever, V,/U, = 0.80, Fig. 10, was selected since the power was only — 
5 per cent less than the maximum whereas the velocity diagrams 
for V,/U, = 0.80 were found to be more favorable than at the- 
exact maximum. In particular, the axial velocity at the outside 
of the (first) runner discharge was at V,,/U, 
ously low as at V,;/U, = 0.75. 
bution over the cross section was at V,/U, = 0.80 somewhat 7 - 


How- 


= 0.80 not so danger-— 
Furthermore, the power distri- 


more uniform than at other values, 
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The velocity distributions and diagrams from station 3 (dis- 
charge of first runner system) through station 6 (discharge of the 
second-stage diffuser) are shown in Figs. 12, 13, and 14, respec- 
tively. The resulting angles of deflection are (as before) indi- 
cated by curved arrows. The angles are seen to be quite high 
which is to be expected for a design of maximum power input, 
but has here the added significance of testing the application of 
the theory to systems with large deflections, 
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For the design of the stages following the first it is, of course, 
essential to compensate for the fact that in the first stage more 
energy (head) was added near the tip than near the hub. Fig. 
15 shows the “deficit” in head H and peripheral deflection AVo, 
after the first-stage runner as a (dimensionless) function of the 
(dimensionless) radius. It was assumed that this deficit would 
be eliminated within four stages, so that the second stage was de- 
signed to compensate for one fourth of the deficit shown in Fig. 15. 

Since the velocity diagrams in Figs, 12, 13, and 14 continue 
to maintain reasonable form, the design proposed appears to be 
capable of being continued through the higher stages. The pro- 
cedure was thus terminated at the discharge of the second stage. 

The solution obtained so far represents but the first approxima- 
tion of the flow with vorticity since the changes in radial spacing 
and the curvature of the meridional streamlines were so far dis- 
regarded, These effects were then determined on the basis of 
the first approximation in the following manner: 

The radial distribution of the rate of through-flow was deter- 
mined for the various cross sections investigated and plotted in 
terms of r times V,,, as shown in Fig. 16. Equal parts of the 
areas under these curves would give the radial locations of 
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the meridional streamlines in the sections considered under the as- 
sumption of an incompressible fluid and uniform hub and tip di- 
ameters throughout the machine. These radial locations were 
then corrected outwardly to account for the volume changes of 
the gas, solving for a compressor with constant outside diameter 
and increasing hub diameter in such a manner that the meridional 
(axial) velocities are, in the radially displaced positions, the same 
as according to the first approximation of the vortex flow for an 
incompressible fluid and constant hub diameter. The result of this 
procedure is given in Fig. 17, showing for the first time the radial 
displacements and curvatures of the meridional streamlines re- 
sulting from the vorticity of the flow as previously calculated. 

From Fig. 17 one may now determine the local radii of curva- 
ture of the streamlines. This permits the solution of the more 
accurate Equations [21] through [24b]. A formula proposed by 
Wu and Wolfenstein (3) was used in order to anticipate the effect 
of the meridional curvature term on the meridional curvature 
itself. The results of the second approximation are shown in 
Figs. 18, 19, and 20 in solid lines in comparison with the previ- 
ously determined approximations for these velocity distributions 
which are given in broken lines. From the velocity distribu- 
tions as shown it is, of course, easy to derive velocity diagrams con- 
forming to this higher approximation. However, the comparison 
between the solid and the broken curves shows that the correc- 
tions from the first to the second approximation are rather small 
in spite of the high vorticity of flow considered. In general, the 
higher approximation tends to reduce the velocity variations from 
one station to the next. 

In the example just described the integration of the equations 
of flow for the first approximation was carried out analyticaily by 
prescribing for the peripheral velocity distributions Vg, simple 
forms (straight lines and hyperbolas) permitting easy analytic 
expression of these curves as well as of the necessary integrals. 
However, the general procedure described does not depend on the 
choice of this particular method of integration. In working out 
the second approximation and the next example, the method of 
integration chosen was predominantly graphical, but the general 
principles of the procedure were essentially the same. 

As mentioned before, the second example deals with a two- 
stage compressor, with the purpose of investigating whether a 
nonuniform energy input in the first stage of such a machine can 


wre 


= 7 17 
r 5 
A | 
= 
ms 
°° 
| 
1.0 
Bu, 
— 
Ving 
os + 
bia 
=> 


SMITH, TRAUGOTT, WISLICENUS—FLOW 


a» 


1.0 


First approximation 
Second approximation 


Fic. 18) Verocrry Distripution or First RUNNER 


Z 


First approximation 
Second approximation 


Fic. 19 Vevocrry Disrripution or First Dirruser 


0.2 


| 


First approximation 
Second approximation 


Fig. 20) Ve ocrry Distripution of Seconp RUNNER 


be balanced to a practically sufficient degree in the second stage 
alone. 
Whereas in the first example the velocities entering the various 
blade rows were limited with respect to the acoustic velocity 
directly only at the root and tip sections, it was decided to deter- 
mine in this example the distribution of the peripheral fluid 
velocity ahead of the first-stage runner for all radii from the con- 
dition of uniform relative inlet velocity to the runner (W, Vy, 
= const). The resulting set of curves of Vg as a function of 
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r/r,; is shown in Fig, 21 (subscript 2 applies to the station between 
the first stator and the first runner system, and so on, see Fig. 29). 

For a given choice of the ratio of the limiting relative inlet 
velocity W, V, = 0.751 U,, Fig. 22 shows the axial velocities 
corresponding to three curves A, B, C, in Fig. 21. 


20 
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hig. 22) Inver Axtat 
Solutions of the velocity distributions at the remaining sta- 
tions 3 to 5 (see Fig. 29) are shown in Figs. 23 and 24 selected to 
obtain a uniform limiting velocity V,, in the second stator as well — 
as in the first rotor, and, of course, aiming at a reasonably uni- | 
form energy distribution at the last station, 
Owing to the detailed requirements placed upon the initial 


velocity distribution it did not seem advisable to approximate 
the curves by simple expressions that could be integrated ana- 
Instead, Equations [25] and [27] were integrated 
graphically by solving these equations for the derivatives of the 
velocities in question and then drawing the desired curve from its 
given directions. An example is shown in Fig. 25 for the axial- 
velocity distribution at station 3. The selection of the proper — 
curve from the family obtained in this manner is made on the basis 
of the condition of continuity. 
4 From the peripheral velocities shown in Fig. 23 it is seen that — 
4 


— Considering that the changes in peripheral velocity across a run- 


the solution obtained does not appear to be entirely satisfactory. 
ner are proportional to the runner head (here V4 Veo and Vos 

Vos) it is seen that the head-input distribution is extremely — 
nonuniform, Negative values of Vg indicate very large turning 
angles in the second stator. It thus seemed desirable to investi- 
gate other design possibilities. 

The principal parameter that could be varied was, as in the | 
previous example, the peripheral velocity of the runner, expressed 
by the ratio V,/U,. Subsequently it was decided to drop the 
requirement that the inlet velocity to the second stator row — 
should be subjected to the same limitation V, as the first runner 
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system, Of the six combinations investigated we present in 
Figs. 26 and 27 one that appears quite promising, although no 
definite statement can be made as to the optimum solution of this 
design problem. The velocity-veetor diagrams that result from 
the distribution curves in Figs. 26 and 27 are shown in Fig. 28 
for the root and tip sections. The diagrams for other radii of 
course may be drawn readily and the vane profiles corresponding 
to these vector diagrams may be derived according to standard 


procedures. 

As in the preceding example, the solutions presented go far FIRST RUNNER 
were ootained from the simplified Equrtions [25} and [27], dis- 7 Ve 
regarding the curvature of the meridional streamlines and varia- 
tions in their spacing. Only after a rather definite flow con- 
figuration has been chosen does it seem advisable to examine The meridional streamlines corresponding to the axial-velocity 
closer approximations. For the exploration of various design — distributions given in Fig. 27 are shown in Fig. 29. In this case 
possiblities, as described before, it would be unwise to use any- — the new velocity distributions resulting from this form of the 
thing but the first approximation for vortex flow. streamlines were not calculated in detail. Instead, the greatest 
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variation in velocities resulting from the curvature of the meridi- 
onal streamlines was calculated for two ratios of the stage length 
L (one rotor plus one stator row) to the hub radius r;. It was 
found that for L/r; approximately equal to 1.8 the variation of 
the peripheral or the axial-velocity components from their first 
vortex-flow approximation was 2 per cent, for L/r; about 1.5 this 
variation was 5 per cent. 

It may be of interest to note that for the velocity distributions 
shown in dimensionless form in Figs. 26, 27, and 28, with V,/U, 
= 0.80, a Mach number of V,, of 0.835, and an acoustic velocity 
of 1080 fps, one obtains with a tip velocity of 1125 fps for each 
stage an average polytropic head of 14,950 ft, giving with a poly- 
tropic efficiency of 85 per cent a pressure ratio of 1.55 in two 
stages. Since the hub-to-tip diameter ratio was assumed to be 
0.5, such a compressor would compare favorably in size and 
weight with modern practice in the aeronautical and wind-tunnel 
fields. 

In this example the compressibility of the gas was not taken 
into account explicitly, but there is no reason why this could not 
be done, for instance, in the same manner as outlined in connee- 
tion with the first design example. 


CONCLUSIONS 


It has been shown that on the basis of Equations [25] through 
[28] as first approximation, and Equations [21] through [245] 
as second approximation, it is possible to determine the velocity 


distributions and vector diagrams of axial-flow machines with 
strong departures from a free-vortex (constant-circulation) flow 
pattern. The differences between the first and second approxi- 
mation of the vortex flow are small so that the first approximation, 
through [28], is sufficient for the exploration of 
design variations. On the other hand, the differences between the 
conventional free-vortex flow and the first approximation of the 
flow with vorticity are of first order of magnitude and cannot be 
neglected whenever departures from the free-vortex pattern are 
Fortunately, the first 
approximation of the vortex flow is often extremely simple to 


Equations [25 


essential for the flow problem on hand. 


obtain, so that there is no reason to neglect completely the 
effects of vorticity even in exploratory investigations. 

The methods of solution presented here are not limited to 
axial-flow machines. In the more general case the potential 
pattern of a curved meridional flow can be used to obtain the 
required first approximation for curvature and spacing of the 
meridional streamlines. 

Not taken into account is the effect of the finite spacing of the 
vanes in the peripheral direction. This departure from axial 
symmetry may be the more serious the greater the vorticity as 
well as the general loading of the machine. 

Investigations such as the present one, which are not limited to 
small vorticity and/or small deflections of the flow therefore tend 
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to emphasize the urgency of a serious attack on the truly three- 
dimensional flow problem of turbomachinery. 
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Discussion 


C.C, Auswortu.® The authors present the problem of finding 
the velocity distribution in an axial-flow turbomachine in a 
straightforward and readily understandable manner. Use has 


been made of the fact that knowledge of the vorticity distribution 


coupled with the continuity relation leads to a solution of the 


velocity distribution. The manner of deriving the basic equa- 


tions is simple and should be easily understood. 'lowever 
pointed out in the paper, the equations can be ? ..ved more 
directly using the methods of vector analysis. ty iaking account 
of the curvature of streamlines in the meridional plane, the solu- 
tion becomes a quasi-three-dimensional one (it is three dimen- 
sional in so far as the assumption of axial symmetry is valid) and 
should yield « fairly accurate solution for the streamline shape. 

Of course, one must understand that the solution will be a 
reasonably close approximation of the actual flow pattern only if 
the assumptions of axial symmetry and inviscid flow actually are 
Numerous investigations have disclosed that these are 
the deviation is 
large, some account should be taken of these effects. Such devia- 
tions must be expected in modern high-pressure designs using 
special flow profiles and operating close to the stall. 

It would seem that the method presented is rather time con- 
These examples could be 


satisfied, 


often reasonable assumptions. However, if 


suming for the applications presented. 
handled in « satisfactory manner by other methods, such as 
Marble’s (2). The method proposed by the authors should 
find suecesstul application in such problems as those involv- 
ing mixed-flow machinery where radial forces are of greater 


significance. 


R. O. Buntock.? One of the greatest problems in the design 
of compact and efficient turbomachines is that of accounting for 
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the three-dimensional character of the flow without spending a 
prohibitive amount of time for analyzing each design. Any 
paper dealing with this problem is, therefore, a weleome contribu- 
tion to the literature. 
at this time because of the insight one obtains from the authors’ 


The present paper is doubly weleome 


excellent discussion of the relations ¢ 
of vorticity and velocity. 


isting between the gradients 


The working equation and method of solution presented in this 
paper are similar to those outlined by Stodola, and attributed to 
Flugel and Lorenz for determining the axial-symmetric flow in a 
rotor or stator. The technique is consequently also similar to 
A rigorous 
derivation of the fundamental equation is presented by Wu.® 
In this paper Wu suggests solving the equations by an alternate 
method which is more amenable to high-speed computing tech- 
niques. Again, however, the principal value of the present 
paper arises from the excellent description of the problem rather 
than in the development of radically new techniques. 


that deseribed by Hamrick, Ginsburg, and Osborn. 


The one adverse comment to be made on the paper is the fact 
that it has neglected the problem within the boundaries of a rotor 
or stator; it is in these very regions that radial-flow distributions 
can give the most unexpected trouble and produce effects that 
will alter completely the conclusions based on an analysis of the 
This fact is evident from the 
previously cited work of Hamrick, Ginsburg, and Osborn® in 
which it was shown that at low flow conditions air could not flow 


flow beyond the blade boundaries. 


through a particular impeller without the formation of eddies or 
flow separation. That the exact three-dimensional flow field does 
not differ markedly from that indicated by combining such a 
two-dimensional axial-symmetric solution with the correspond- 
ing two-dimensional blade-to-blade solution has been shown by 
Stanitz."” 
distribution of losses, or entropy gradients, has a greater effect on 
the actual flow field than the assumption that the three-dimen- 
sional flow field is accurately depicted by combining 2. two- 


One important indication from his work is that the 


dimensional solutions. 

Inasmuch as the labor involved for obtaining the solutions pre- 
sented in the subject paper is by no means negligible, a compres- 
sor designer may very well wonder whether or not this work is 
worth doing. ven greater skepticism may be expressed about 
extending the analysis to include the flow within the blade pas- 
SAPS, 
paring the solution obtained by neglecting completely radial 
equilibrium with that obtained by the technique used for getting 
The difference 


between the flow angle, velocity, and Mach number at a given 


In some instances, this question can be answered by com- 


the first approximation in the subject paper. 


radius obtained from the two solutions will indicate whether or 
When the vorticity is 
high, when the Mach number of the flow is at a high subsonic 


not additional refinements are necessary. 


level, or when the curvature of the passage boundaries is large, 
however, the previously discussed approaches to the three-dimen- 
sional problem must be carried out in detail if high-performance 
turbomachinery is to be designed. If such analysis is not done, 
disappointing performance in the final design may be erroneously 
attributed to an unsympathetic boundary layer or unknown 
Reynolds-number effects. 
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Wacrter 
aircraft gas-turbine power plants it is always desirable to obtain 
4 maximum amount of performance for a minimum amount of 
size and weight. To do this properly requires an intimate 
knowledge of blading operating limitations and a reasonably 
accurate flow-pattern design procedure to optimize performance 
and size within these limitations. 


In the design of axial compressors for use in 


To be of practical value to the designing engineer, a flow-pat- 
tern system, such as presented in the paper, should satisfy several 
(a) It should account for the fluid motion in a 
reasonably accurate manner. 


requirements. 
(b) The equations and solutions 
should be expressed in such a form that the designer can see 
readily the relative significance of variables at his disposal. (c) 
It must be possible to solve the relations quickly, since many solu- 
tions are necessary for the study and design of a single basic com- 
Many compressors may be studied for a single power- 
plant design. 

The present paper appears to be an improvement over the 
available literature, at least relative to the last two requirements. 
Experience indicates that the first-approximation procedure pre- 


pressor. 


sented in the paper should be sufficiently accurate for most stage 
mapping and optimizing studies. If the radial distributions of 
work and tangential velocity are prescribed in some systematic 
manner which permits integration of the equations, then the 
system can be put on digital computing machines and a large 
Evaluation 
of the results in terms of available blading-limit data will then 
produce an optimized design system of ready use for the designer. 
It should be possible to handle a majority of the cases of interest 


number of designs computed in a very short time. 


by this procedure. 
The 


actual flow patterns in low hub/tip ratio stages of strong nonvor- 


There is a need for a second-approximation system, 


tex design differ from the first-approximation solutions in the 
direction of the second-approximation corrections presented in 
the paper. While this difference does not greatly affect the esti- 
mated flow and pressure-ratio values of the stage design point, 
it may be of concern in the optimum «assignment and use of blad- 
ing limits, particularly relative to off-design and multistage 
A corrective system probably will be of use only in 
the first two or three stages. In the higher hub/tip ratio stages, 
the flow will be more influenced by the ‘‘real’’ flow effeets of blade 
end clearances, casing-wall boundary layers, and cumulative 
deviations from initial design assumptions. 

It would be desirable to have an analytical procedure for apply- 
ing the second approximation. Graphical methods are slow and 
Also, it would seem that the corree- 
tion system should recognize the blade aspect ratio, or ratio of 
blade length to chord. 
curvature between blade rows can be different for large differ- 


Operation, 


not always very consistent. 
It is logical to believe that the stream 


ences in aspect ratio, depending upon how well the flow is sta- 
bilized within each blade row, how large the axial clearances may 
be, and how much succeeding rows may overlap due to radial 
chordal taper. 

The authors should be encouraged to try their skill next on 
extension of the present work to the problem of optimizing stage 
design for off-design operation. This might be stated as asking 
for a design flow-pattern distribution which will not change 
shape appreciably when operated at lower or higher velocity 


Or the question might be how to minimize blade-inci- 


ratios. 
dence changes in the critical loading regions of rotor tip and 
stator root. Final accounting for off-design characteristics will 
require the ability to handle radial variations in entropy (as re- 
lated to losses) and work (as related to blade turning-angle varia- 
tions with incidence, particularly when stalled). 
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This paper is an important contribution to 
the technical literature in the field of axial-flow turbomachines. 
The authors have spared no effort to explain their mathematical 
work in terms of the physics involved; their illustrative diagrams 
are particularly good. 

For the design of most axial-flow machinery, the use of simpli- 
fied equations such as Equations [25] and [27] of the paper will 
result in sufficient accuracy. In the solution of these equations, 
the writer has found it convenient to resort, with good accuracy, 
toasubstitution function of the form 
bor 


=k - 
by + ber 


in which b, , and AK are constants used to set the tangential 
velocity and its rate of variation radially. This permits rapid 
analytical consideration of several velocity distributions. 

In addition to the moderate radial displacement of streamlines 
in an axial-flow machine under the influence of a centrifugal field, 
there is of course the gross displacement of those streamlines due 
to local leakage and changes in circulation, particularly at blade 
ends. The over-all effects of these shifts on performance are 
known in a general way. 
the rapid changes in load which occur on single-stage turbine and 


Experimental engineers have noticed 


compressor test rigs when the flow breaks away and then re-estab- 
lishes itself at the root of the rotating blades. Cursory analytical 
treatment of these shifts that the curvature 
of the streamlines around local disturbances is several times 
that which one would caleulate from the influence of the centrifu- 
gal field alone. Until our knowledge of these end effects is more 
complete than is indicated by the technical literature at the 


local indicates 


present time, it is questionable whether the second approxima- 
tion indicated by the solution of Equations [21] and [23] of the 
paper is worth while. 

The object of the calculation of these nonvortex patterns at 
Mach-number 
However, it must be recog- 


design is the minimization in compressors of 
losses at rotor tips and stator roots. 
nized that, except in special cases, undesirable rotational com- 
ponents are thereby introduced into the flow. In turbines de- 
signed for solid rotation, these losses account for 2 to 3 per cent of 
stage losses, by calculation. The methods outlined in the paper 


provide an analytical tool for the evaluation of such losses. 


J. W. McBripe."’ 
tribution to a better appreciation of the importance of radial-flow 
considerations in the practical performance design of axial- 
The authors’ approach of developing the 


This paper should be a substantial con- 


flow turbomachinery 
analysis from a simplified, yet basically accurate, flow-pattern 
model through illustrative design examples is of particular interest 
and value. It is unfortunate that this approach was not rounded 
out by inclusion of comparisons between measured flow distribu- 
tions and those predicted by their method. 

Except as it contributes to improved understanding of the 
problem, the practical value of improving the simple linearized 
radial-equilibrium solution by inclusion of the radial displacement 
of the flow appears questionable. The writer's experience indi- 
cates that the real fluid effects, especially those at the walls, those 
of clearances, and so on, are more important than the usual second- 
order corrections in establishing the flow-distribution patterns. 
It was found that the velocity distributions predicted by the 
simple radial-equilibrium solution are in better agreement with 
test than those predicted by the improved approximations. 
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However, these tests showed that the effect of radial displace- 
ments of the streamlines was not negligible, but rather, that 
effects could not be reliably accounted for by analytical methods, 
It was found that the chordwise load distribution of the blading 
and the casing boundary-layer growth were important factors in 
establishing this radial displacement which was, accordingly, de- 
pendent upon the compressor operating condition. In addition, 
the assumption of axisymmetry, although correct on the average, 
required local consideration as Wy was found to vary by as 
much as +20 per cent from its mean value across a pitch spacing. 
Consequently, this phenomenon also played an important role in 
establishing the blading flow pattern. 

These findings were based on comparison between a set of 
carefully controlled tests with the predicted velocity distributions 


from progressively improved solutions of the equation 
ow, (wr + W,)? 


’ 


Op 
p or 


where L, and Op/dr express the radial distribution of loss. This 
equation for the relative velocities in rotating cylindrical polar 
co-ordinates is identical with the authors’ Equations [25] and [27] 
for their assumptions of isentropic steady flow with no body forces, 

The findings lead to the development of a system which takes 
simple radial-equilibrium solution for its starting point and adds 
empirical corrections to consider the blading-type, profile charac- 
teristics, aspect ratio, acrodynamie operating conditions, losses, 
and soon, It should be pointed out, however, that the improved 
radial-equilibrium solutions are invaluable, even though quanti- 
tatively questionable, in establishing the form to be adopted for 
the empirical corrections and to guide test programs. 

The computation time required by the authors’ approach is con- 
sidered somewhat excessive for many industrial-design problems. 
Other solutions using hand calculation machines now require ap- 
proximately 4 man-hours to establish the blading at the design 
point, with approximately 12 additional man-hours for each “‘off 
design” operating point. These solutions are carried out by non 
professional computers using tabular forms and require only 
minimum supervision from the engineers. [fforts are now under 
way to improve these required times through use of commercially 
available computing equipment. In this way we believe that it 
will be possible to reduce the cost and time of such calculations to 
the point where they can become a matter of routine design prac- 
tice. 

Adaptation of machine computation reduces the desirability of 
expressing the radial-equilibrium solutions in a normal co-ordi- 
nate system, as has been done by the authors, apparently to facili- 
tate graphical solutions. Further, machine calculation, by virtu- 
ally eliminating the disadvantages of heavy calculation programs, 
permits increasingly refined procedures, 

We should like to point out that perhaps the principal design 
advantage of equilibrium flow-type axial turbomachinery blading 
appears to us to lie in the possibility of using it to establish opti- 
mum stage designs on sound aerodynamic bases, which may in- 
clude such specific conditions as are desirable from performance, 
operating range, work capacity, and other similar requirements. 

We have found, however, that these conditions at the “design” 
point can be established only after careful consideration of their 
influence won “‘off-design’’ operation since these latter usually 
establish whether or not a machine is satisfactory. 


The current analysis is limited to the open 
It is believed that, to obtain 


R. W. Pinnes."* 
spaces between the blade rows. 
optimum performance, the analysis will eventually have to be 
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carried through the blade rows, with proper consideration of 
blade effects. One of the difficulties with the current method is 
believed to be in establishing the radii of curvature of the stream- 
lines accurately. Having attempted to work with radius of 
curvature, the writer is convinced that it is extremely difficult to 
get accurate and consistent values, even with more complete 
streamline data. It has been proposed that a sinusoidal curve be 
assumed between the radial points established between the blade 
Although this is a reasonable assumption in the absence 
of any more accurate data, any such assumption introduces an 
It also should be noted, 
in this regard, that different chordwise distributions of blade load- 
ing, and different radial blade forces (i.e., the degree of non- 
radiality of the blade elements) would change radius-of-curvature 


rows, 


element of uncertainty in the analysis. 


values, and consequently, in an ultimate analysis, would have to 
be given consideration 

It would appear that the authors have tended to understate the 
In several places in the 
Although this 
is generally true, there are places where these effects are quite 
significant, 
meridional velocity at the hub, at station 4, is changed by about 
20 per cent, as shown in Fig. 19. 
effects tend to be greatest where the peripheral-velocity com- 


importance of these curvature effects. 


paper it is stressed that these effects are “small.”’ 


In the first example presented in the paper, the 
As would be expected, these 


ponents are smallest, i.e., at the rotor hub for the velocity distri- 
bution assumed in the example. 

Also, in the second example presented in the paper, it is again 
stated that these effects are small. A figure of 2 per cent differ- 
ence is quoted for a ratio of stage length to hub radius (L/r,) of 
1.8, and 5 per cent for a ratio of 1.5. It should be noted that 
these L/r,; ratios are not representative of current practice. 
Values of L/r,; of 1.0, and smaller, are believed to be more repre- 
sentative, even for inlet stages of low hub-tip ratios, [xtra- 
polating the data given, differences of 10 per cent, and greater, 
can be expected for more realistic values of L/r,;. In any event, 
the significance of the parameter L/r,; is not understood, It 
would appear that an aspect-ratio factor, L/(r, 
the significant parameter. 

It is believed that the authors have made an important contri- 


r,), would be 


bution in further demonstrating the importance of balanced flows 
other than free-vortex flow, and in presenting a practical method 
The additional flexibility which these 
to help 
obtain a specific design objective is demonstrated ¢! It is 
hoped that the authors will continue their work tow ‘i- 
ous attack on the truly three-dimensional flow prob mio. turbo- 
machinery.”’ 


of analyzing such flows, 
flows make available to the designer of turbomachinery 


C.H. Wu." The authors are to be congratulated on this in- 
teresting paper. The solutions are obtained in a realistic manner 
taking into account large flow deflection and large departures from 
free-vortex flow. The writer would like to make a few comments 
on this general problem of three-dimensional flow in turboma- 
chines. 

The first comment concerns the names H and J, which are of 
general interest in the field of turbomachinery, As regards H, 
since it is the sum of sensible internal energy u, the product of 
pressure and volume pv, and the kinetic energy V?/2g; and since 
the product pv is not aa erergy contained in a moving substance, 
and is merely a product of two properties in a stationary sub- 
stance, it is not quite appropriate to call H total energy. As re- 
gards J, although the combination of (Ah + W?/2g —— w*r?/2g) or 
its equivalent (H UVe/g) appeared often in literature of 
turbomachines, no short name for it has been given. From the 


1® Professor of Mechanical Engineering, Polytechnic Institute of 
Brooklyn, Brooklyn, N. Y. 


ASME 


JULY, 1953 
first combination it is seen that not only the relative flow but 
also the idea of change of radial position of a fluid particle in a 
rotating passage is involved. Since J has the same basic impor- 
tance in the description of flow in a rotating blade row as H in a 
stationary blade row, turbomachine engineers should give it an 
appropriate short name. For instance, we may call (h — w?*r?/2g) 
“rothalpy”’ and its combination with W?/2g “‘total rothalpy.”’ 

It seems rather difficult to draw streamlines passing through 
points determined only in the gaps between blade rows, and to 
obtain the radius of curvature from them; also to draw a line 
normal to these streamlines and to obtain the variation of several 
quantities along this line. In the case of a multistage machine 
having a variable hub or casing radius, the normal line starting 
in the gap may even extend into the blades, in which region a few 
more equations would be required to solve the problem. For a 
single-stage compressor of a type similar to the authors’, detailed 
computations'® made for incompressible and compressible flows 
show that the meridional streamlines in the blade regions follow 
In these and similar cases, then, it 
seems that it would be more convenient to calculate the effect of 


closely simple sine curves. 


the radial flow analytically by assuming simple sine equations for 
the streamline shape and to proceed the computation along a radial 
In another 
case of an axial-flow gas turbine, detailed computations” show 
that the streamlines have quite complicated shapes, and that the 
compressibility of gas and radial twist of the blades have equally 
important and opposite effects on the shape of the streamlines. 
In these and similar cases, a check of the simple solution is very 


line in the gap, see Bibliography (3) of the paper. 


desirable. 

It should be noted that when solution is obtained by the method 
of successive approximations, it is necessary, at least in a typical 
case, to proceed sufficiently far enough to ascertain the conver- 
gence of the solution. For example, even if the difference bet ween 
the first and second approximation may be small (Figs. 19 and 20 
of the paper seem to indicate that the difference is not quite 
small) the second approximation could still be not close to the 
exact value. The first approximate solution of the authors’ is 
the same as the usual method based on “simple radial equilib- 
rium.”’ Results obtained in Bibliography (3) of the paper and in 
references 16 and 17, cited in this discussion, show that the 
radial displacements across the blade so determined are many 
times greater than the actual value. In Bibliography (3) of the 
paper, an approximate equation for the radial displacement of 


the streamline across the blade is obtained to speed up the succes- 
sive corrections, 

Because of the difficulty in solving the three-dimensional prob- 
blem, Lorenz simplifies the problem to the flow along a given 
surface by considering extremely thin buckets arranged ex- 
tremely close together. This idea of flow along a surface is often 
overlooked when one interprets Lorenz’s equations by a strictly 
mathematical axial-symmetric approximation. Stodola" tries 
to avoid the misunderstanding about the Lorenz equations by a 
new derivation of the equations and points out that ‘‘the deriva- 
tives of the pressure refer really to the change in the direction of 
This is also why, in the inverse or design prob- 


” 


the jet surface. 


© **A General Theory of Three-Dimensional Flow With Subsonic 
and Supersonic Velocity in Turbomachines Having Arbitrary Hub 
and Casing Shapes,” by C. H. Wu, ASME Paper No. 50—A-79, Part 
II, or “Subsonie Flow of Air Through a Single-Stage and a Seven- 
Stage Compressor,” by C. H. Wu, to be published as a Technical 
Note by NACA. 

7? “Matrix and Relaxation Solutions That Determine Subsonic 
Through Flow in an Axial-Flow Gas Turbine,”” by C. H. Wu, NACA 
TN, 2750, July, 1952. 

8 “Steam and Gas Turbines With a Supplement on the Prospects 
of the Thermal Prime Mover,”’ by A. Stodola, MeGraw-Hall Book 
Company, vol. 2, 1927, pp. 990-991. 


7 
802 
> 
4 


SMITH, TRAUGOTT, WISLICENUS 


lem, the integrability condition for the stream surface (as first 
pointed out by Bauersfeld) is necessary. 

When the blades are not close together, one can still follow a 
mean stream surface which divides the mass flow in the channel 
formed by two adjacent blades. The form of the mathematical 
equations thus obtained is the same as that with the assumption 
of the axial symmetry, but all the derivatives now refer to the 
changes of fluid properties on the mean stream surface. In the 
direct problem, the shape of the mean stream surface, as a first 
approximation, may be assumed to be that of the mean camber 
surface of the blade. In the design problem, the shape of the 
mean stream surface is computed after all the velocity com- 
ponents are obtained."* 

This approach not only permits a more realistic physical inter- 
pretation of the solution, but also avoids many difficulties involved 
in the assumption of axial symmetry. For instance, in the case of 
widely spaced blades, what are the meanings of the blade-force 
term and of the values obtained from the axially symmetric solu- 
tion? Further serious difficulties are encountered on the vorticity 
components. With the assumption of axial symmetry, the 
radial and axial components of the absclute vorticity become 

OV, /dz Ver) /dr, The first 
ponent is now not equal to zero even in free-vortex blading: 
whereas in the actual three-dimensional flow OV,/OV, is can- 
celed by r~! 0V,/08. Similarly, both vorticity components under 
this assumption would not equal zero in the blade regions of inlet 
guide vanes designed for variable circulation, although the flow is 
everywhere irrotational up to the trailing edge of the blades. 


and respectively. com- 


AvuTuors’ CLOSURE 


The authors wish to thank all diseussers sincerely for their con- 
structive contributions. It is indeed heartening to find so many 
interesting comments on the subject paper. Taken as a whole, 
the discussions represent a cross section of contemporary thinking 
on the subject and, therefore, are distinct contributions in them- 
selves, 

No attempt will be made here to answer the discussions in- 
dividually or in full detail since it is believed that there is general 
agreement on the basic concepts involved, Concerning the ques- 
tion of methods to be used and number of approximations to be 
made, it is noted that some of the discussions answer each other. 
However, some final comments will be made. 

It is interesting that some of the discussers think the second 
approximation should be made more rigorous by including flow 
details inside the blade rows and more accurate curvature meas- 
urements, while others think the second approximation is un- 
The authors feel that the first approximation is ac- 
curate enough for the selection of over-all characteristics for the 
machine, but that the detailed flow analysis which must be made 
when designing blade shapes should include the second approxi- 
mation, and indeed, the effects of secondary flow as well. 

The practical difficulty of finding the radius of curvature of the 
meridional streamlines, and, more generally, of differentiating 
any graphically or numerically given function, is of course well 
recognized by the authors. To overcome this difficulty it seems 
essential to make use in some form or other of the continuity of 
the functions involved, in the present case of the continuity of 
first and (perhaps) second derivatives of the streamlines along as 
well as across the meridional flow picture. 
emphasizes the question of the effect of the vanes raised by several 
discussers. It is indeed an unanswered question whether the 


necessary, 


This consideration 


first and second derivatives of the meridional streamlines in this 
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axially symmetrical solution should be continuous across the 


vane edges. For axial compressors the authors feel that the 
blade effeets will be small with blades of high-aspect ratio, be- 
cause in this ease the “bound’’ vane-vortex-lines are very nearly 
radial so that the vane vorticity has little or no effect on the 
meridional flow. 

Also well recognized are the advantages of numerical methods 
using modern calculating machines. By comparison, graphical 
methods may appear outdated, This is believed to be entirely 
true only in relatively well-established fields of analysis. In 
other cases where the nature of the results and, indeed, the ex- 
istence of a solution is not known from previous experience, it is 
felt that graphical methods offer greater safety against the pos- 
sibility of mistakes. With graphical procedures that are close to 
the physical phenomena analyzed one sees the mistakes when 
made, Furthermore, it is possible that the convergence of the 
solutions sought here can be assured in marginal cases better by 
drawing the solutions with careful consideration of all facts known 
about the flow to be investigated, 

Apparently there has been some misunderstanding about the 
time required to use the design method suggested in the paper. 
The 500 man-hours mentioned should not be interpreted as being 
only the time necessary for finding the flow distributions shown, 
but rather the over-all amount of time spent on the problems, 
including time spent on the evolution of the method itself 
Since the writing of the paper, one of the authors has used the 
After 
the general design characteristics were specified, it took only 24 


method to design a stage consisting of three blade rows. 


man-hours to find the velocity distributions for all three rows, in- 
cluding both approximations. The work was done graphically 
with six radial points being taken for each row, 

Perhaps the most serious objection to the design method out- 
lined in this paper is centered around the simplifying assumption 
of axial symmetry. The justification for this assumption is 
based on the reasoning that as the number of blades in a row is 
increased in such a way as to keep the total circulation constant, 
the flow picture obtained approaches the axisymmetric solution 
in the same sense that any function broken up into a diserete 
number of steps approaches a smooth curve as the number of 
Hence, the terms 
and “infinite number of blades solution 


steps is increased. “axisymmetric solution” 


” are often used inter- 
changeably. Carrying the analogy of the stepped function 
further, we see that, when taking a derivative of a stepped fune- 
tion, we get zero for the trends and infinity for the risers regard- 
less of how many steps we have, so long as we have a finite num- 
The derivative of the curve which the stepped function ap- 
proaches is finite, however, So it is with the flow through inlet- 
The vorticity (which is analogous to a derivative) 


ber. 


guide vanes. 
is zero in between the vanes and infinite on the vanes and on the 
vortex sheets that trail from the vanes. When we go to the 
limit of an infinite number of vanes (from the stepped function to 
the smooth curve), the vorticity becomes finite and continuous, 
The physical justification for this is the fact that we are primarily 
interested in the velocity and not the vorticity, i.e., in the fune- 
tion and not the derivative. If the number of vanes is small, 
then the assumption of axial symmetry is indeed questionable and 
should certainly be checked experimentally. The elucidation of 
a different method of approach more adaptable to widely spaced 
vanes, such as that suggested by Dr. Wu, would indeed be wel- 
come. The authors believe that the investigation of three-di- 
mensional effects should be given priority over further refine- 
ments of axially symmetrical solutions and, indeed, over such 
interesting subjects as off-design conditions, 
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This paper presents a summary of some of the results ob- 
tained in the NACA program of aerodynamic research on 
centrifugal compressors, including both theoretical and 
experimental aspects. The material presented is not in- 
tended to give specific design rules, but rather is intended 
to give some insight into the flow processes in centrifugal 
turbomachinery, to establish general trends of good design 
practice, and to indicate portions of the field that remain 
to be explored. The paper is arranged in three sections; 
(a) impeller research, (6) diffuser research, and (c) general 
aspects of application of centrifugal compressor to aircraft 
gas-turbine engines. 


INTRODUCTION 


SHE basic aerodynamic requirements of compressors for 
aircraft power plants include high efficiency, high pressure 
ratio, large mass flow for a given frontal area, and a large 

useful operating range. In addition, it is desirable that the com- 
pressor be mechanically simple, rugged, and inexpensive to manu- 
facture. 
mechanical attributes, it is apparent that if good aerodynamic 
characteristics can be obtained, it will have wide application in 


Since the centrifugal type of compressor possesses these 


gas-turbine power plants. 

For many years the design of centrifugal compressors has been 
largely an art, and most of the research on this compressor type 
With the advent 
of jet propulsion and gas-turbine engines, however, it became ap- 


has been conducted on a rather empirical basis. 


parent that the improvement of aerodynamic characteristics of 
centrifugal compressors was extremely important and necessary 
At that time the NACA, which had been conducting experimen- 
tal research on radial and mixed-flow centrifugal compressors, 
became acutely aware of the lack of understanding of the flow 
processes in centrifugal turbomachinery. This lack of theoretical 
background resulted primarily from the geometric complexity of 
the flow passage and the inability to apply simple airfoil analogies 
as was the case in the axial-flow compressor. It was apparent 
that considerable theoretical work was required and that this 
work must be with 
searches. Of necessity, the initial analyses were based on simpli- 


co-ordinated — closely experimental re- 
fying assumptions; as the program progressed, successive refine- 
ments were incorporated in the attempt to approach a complete 
and rigorous analysis of flow. 

As a supplement to the theoretical approach, the experimental 
research also was accelerated. 
ent that the key to the problem was in the rotating impeller, an 
experimental facility was constructed wherein actual flow measure- 


For example, since it was appar- 
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ments could be made within the passages of the rotating impeller 
to determine flow conditions therein. This technique provided » 
data that previously had not been available. 

This paper has been prepared to point out some of the pertinent 
information acquired in the NACA program of experimental and — 
theoretical research. 
give specific design rules, but rather is intended to give some in- 
sight into the flow processes in centrifugal compressors, to estab-_ 
lish general trends of good design practice, and to indicate por-_ 
tions of the field that remain to be explored. 


The material presented is not expected to 


IMPELLER RESEARCH 


Compression in a centrifugal compressor is accomplished by 
increasing the moment of momentum of the air by means of (a) 
an increase in angular velocity of the air about the impeller axis, 
and (6) an increase in radius of rotation of the air as it flows — 
through the impeller. 
air is sometimes called the inducer function, and the increase in 
These two 


The increase in angular velocity of the 


radius of rotation is called the impeller function 
actions in a centrifugal impeller may occur separately, but, in 
general, are partly or completely overlapping 
matter of convenience, the two functions will be discussed sepa- 


Hlowever, as 


rately in this paper. 
Inducer Function 


The inducer function of imparting 
angular velocity to the entering air may cause large direct losses; — 


Efficiency Consideration. 


and disturbances of flow in the inducer may affeet the function-— 
ing of all other compressor components, thereby creating indirect 
The inducer is generally regarded as the most critical 
this is a result of the | 
following unfavorable conditions that generally exist in inducers: 


losses, 


component of centrifugal compressors; 


1 High turning. The inducer is required to turn the air 
(relative to the impeller) through a large angle in a short distance. 
2 High loading. 


this high turning is limited by aerodynamic and mechanical con- 


The number of blades used to accomplish | 


siderations; as a result, individual blade loadings are high. 
3 High Mach numbers. Mach 
high near the inlet tip of the inducer blades. 


The relative numbers are | 


A one-dimensional analysis of losses in inducers (1)* has indi- | 
cated that large losses can occur when the inducer operates at 
The analysis further indicated that — 
the losses for negative angles of attack (high weight flow) can be — 
expected to be considerably more serious than for positive angles | 
of attack (low weight flow). 

These general trends were verified in tests of a 48-in-diam 
radial-flow impeller, Fig. 1, that was instrumented to provide in- 
This 


study showed that the condition existing across the impeller inlet 


off-design angles of attack. 


ternal measurements of static and total pressure (2, 3) 


is a predominant factor in the over-all performance of the com- 
pressor. For example, at maximum flow, Fig. 2, the measured 
total pressure along the driving face of the impeller drops off very 


rapidly in this entrance region; this lost energy is never wholly 


? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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recovered and results in low over-all efficiency. This condition is 
the result of the fact that the large negative angle of attack has 
caused a separation on the driving face of the blade at entrance. 
This effect is reduced as the mass flow is reduced. At low flows 
the losses were again in evidence, this time on the trailing face, and 
as predicted, were considerably less than those at high flows 
Peak efficiency operation was found to occur at 0 deg angle of 
attack (considering available flow area as equal to that of the 
annulus minus area taken up by the blades). These general results 
indicate that improved operation could be realized if blade lead- 
ing edges could be designed for more efficient accommodation of 
the inlet-flow variation 
Vass Flow Considerations. In addition to reducing efficiency, 
this entrance condition also provides a possible limitation on the 
mass flow that a compressor can pass. The theoretical analysis 
of flow in inducers (1) indicated that a minimum “effective” 
flow area exists in the inlet as a result of the separation that oecurs 
when the angle of attack becomes negative; that is, a throat is 
This throat moves down- 


formed as a result of the separation 
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stream if the flow is increased further. The maximum weight 
flow depends on the area and efficiency of flow at the critical 
radius in the impeller; both area and efficiency are adversely 
affected by the leading-edge separation. 

This inlet-choking phenomenon has been shown experimentally 
for a mixed-flow compressor (4). In this study, the outside diam- 
eter of the impeller was successively cut down from 12.0 in. to 
10.76 and 9.52 in. and the impeller was operated at higher rota- 
tive speeds to maintain the same impeller tip speeds. Fig. 3 
shows these impeller-diameter revisions on an axial-plane section 
of the impeller. Fig. 4, a plot of maximum volume flow against 
impeller angular velocity, shows that the maximum flow varies 
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linearly with impeller angular velocity. This indicates that the 
conditions of sonic velocity in the compressor system oceurred in 
the inducer section. 

In Fig. 5 the blade-inlet angle of attack is plotted against 
Mach number relative to the blade inlet at a root-mean-square 
For the three impellers, A, B, and C, values of 
This index is 


blade diameter. 
statie-pressure-ratio index are plotted as contours. 
a ratio of the minimum static pressure measured along the sta- 
tionary impeller shroud to the static pressure at the impeller- 
blade inlet; 
inducer section. 
volume-flow line for the range of impeller speeds tested; it is seen 
to present a linear relation between the maximum negative blade- 
inlet angle of attack and blade-inlet relative Mach number. A 
critical value of static-pressure-ratio index of approximately 0.50 
existed for each of the impellers. Again, these data indicate that 
the compressor-flow restriction resulted from a critical pressure 


in all cases this critical pressure drop occurred in the 
The heavy solid line represents the maximum- 


drop in the inducer section of the impeller. 


Separate Component Investigation. On the basis that inducer 
performance is extremely important, inasmuch as it affects effi- 
ciency, pressure ratio, and mass flow of the compressor, the NACA 
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conducted a program of study of inducers. A family of inducers 

was designed and constructed and tested as separate components 

(5, 6). 

more gradual angular acceleration than the “‘bent-bucket” en- 

trances of the conventional centrifugal impellers that were in ex- 
© 1000 


1200 


1300 


These inducers were designed for lower blade loading and 
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istence at that time. It was felt that short-radius cireular-are 
bending imposed air loadings that were beyond expected possi- 
bilities for efficient flow and also prevented the blades from being 
set at the optimum angle to the air stream along the entire leading 
Therefore single-stage deep inducers were designed for 
This design 
basis gives a profile which, developed on a plane, is a parabola 


edge, 
constant angular acceleration over the axial depth. 


The inducers had the same design entrance conditions but with 
axial depths of 4, 3, and 2in.; the 4-in. inducer was tested with 
24 and 12 blades. 

\ typical inducer of this series is shown in Fig. 6. This studs 
effectively provided an evaluation of the effect of blade loading on 
In the 
absence of an adequate theory of inducer functioning, separate 


inducer performance for the constant-acceleration case. 


component ratings were made on the basis of temperature-rise 
efficiency and approach to solid-body rotation of the discharge 
air. The inducers had separate component efficiencies of the 
order of 80 per cent, with the inducer with minimum loading (4 
in., 24 blades) the best from the point of view of approach to 
wheel rotation and adiabatic efficiency. The results also showed 
that the entrance loss was the major determinant of inducer effi- 
ciency; as in the case of the radial inlet impeller, large losses re- 
sulted from off angles of attack. The desirability of efficient ac- 
commodation of inlet-flow variations was verified by the fact that 
rounding the entrance edges of the blades (from an as-machined 
condition) resulted in a 7-point increase in efficiency. 

In order to establish the relative performance level of bent- 
bucket inducers, the inducer section from a conventional im- 
The efficiency 
of this inducer section was found to be very low in the operating 
range of the impeller of which it was a part, indicating that the 


peller also was studied as a separate component. 


application of the parabolic-inducer idea would result in signifi- 
improvements 
Parabolic inducers were applied throughout the aireraft-engine 


cant in centrifugal-compressor — performance. 
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industry with good results. As an example, the change from a 
bent-bucket circular-arc inducer to a parabolic (constant-ac- 
celeration) inducer in a large centrifugal compressor investigated 
at the NACA resulted in a 7-point increase in peak impeller ef- 
ficiency at all speeds, and an increase of 13.6 per cent in peak im- 
peller-total-pressure ratio at design speed. 

Investigation of Division of Work 
which the tangential acceleration was distributed over large path 


The success of inducers in 


length raised a question as to hew far the inducer function 
should be carried in an impeller. It was to study the effeets of 
changing the proportion of total energy addition between the in- 
ducer function and the impeller function, that the impeller pre- 
viously referred to (Fig. 3 and reference 4), was cut down pro- 
gressively in diameter and operated at faster rotative speeds in 
The inducer was a con- 
stant-acceleration design similar to those previously described 
In the 12.00-in-diam impeller, 22 per cent of the total energy 
ideally would be due to the angular acceleration; for the 10.76-in- 


order to maintain the same tip speed. 


diam impeller, 27 per cent of the work; and for the 9.52-in-diam 
impeller, 35 per cent of the work. The remainder, in each case, 
resulted from the increase in radius of rotation. 

Fig. 7 shows the adiabatic efficiency of the compressor at a tip 
speed of 1200 ft persec. As would be expected from the point of 
view that the impeller inlet operates over a fixed range of angles of 
attack, the maximum specific volume flow increased with the in- 
crease in rotative speed while the volume flow range remained 
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essentially constant. Maximum efficiency increased from 0.75 to 
0.79 as the tip diameter was reduced. 

The results of this investigation indicated that adding a large 
proportion of the total energy in the inducer is beneficial. It also 
showed that high relative Mach numbers can be utilized at the 
inlet without any serious consequences; in this case, a relative 
Mach number at the inducer tip of 1.03 was reached. With op- 
eration in the transonic range at the impeller inlet, any detrimen- 
tal effects on impeller performance resulting from high Mach 
numbers appear small as compared to the desirable effects that 
are obtained by increasing the proportion of the total energy that 
is added in the inducer. 

Investigation of Blade Curvature. Up to this point only the 
parabolic type of inducer had been investigated. As a next step 
in the inducer program, an experimental investigation was initi- 
ated to investigate the effect of various rates of angular accelera- 
tion (7). Three impellers were used which had the same design 
characteristics except for the curvature of the inducer blades. In 


‘ 


line with the results of the “division of work’ study, however, the 
scope of the investigation was not limited to that type of impeller 
in which the angular velocity of the air is accelerated to the an- 
gular velocity of the impeller before any appreciable compression 
by centrifugal foree is allowed. In this type of impeller the 
blade louding is suddenly reduced at the end of the inducer see- 
tion, which may cause irretrievable pressure losses and flow sepa- 
blade that 
exists at the junetion of inducer and impeller blade elements is 


ration, (The discontinuity in force theoretically 


treated.in reference 8.) Therefore, in these research impellers, 
the blade curvature was distributed throughout the entire depth 
of the impeller; at each point in the impeller, angular and Cori- 
olis accelerations were imparted simultaneously to the air. 

The three impellers tested, which had blade shape as the only 
variable, had the following blade curvatures, Fig. 8: 


1 Impeller D blade curvature. As in the in- 
ducers discussed previously, this design provided that a particle 


Parabolic 


following the blade with constant axial component of velocity 
would have a constant acceleration 

2 Impeller E--Elliptical blade curvature. 
added rotation at a higher rate at the entrance than impeller D, 
with a constantly decreasing rate through the impeller. 

3 Impeller F—Cireular blade This impeller 
added rotation at the entrance at a higher rate than either 


This impeller 


curvature. 


impellers D or 


Results of this investigation indicated that, in general, the im- 
peller with parabolic curvature (impeller D) was most desirable, 


ag 


(a) Impeller D, 


parabolic blading 


8 


(b) Impeller (e) 
elliptical blading 
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particularly for high-pressure-ratio application. Fig. 9 shows the 
comparative performance of these three impellers at a constant 
pressure ratio of 2.60. 

The maximum rate of angular acceleration of the air increased 
in the order D, Eb, F. 
pellers D and E. were superior, indicating that high acceleration 


From the point of view of efficiency, im- 
rates are to be avoided. The range at constant pressure ratio 
increased with decreasing rate of curvature at the inlet, with im- 
peller D being the best. The maximum specific volume flow 
(choked flow), however, increased with increasing severity of 
curvature, Fig. 10. Analysis of the phenomenon showed that in 
impeller D, which had the lowest maximum flow, the limitation 
was a choking in the inducer (9). It was found in this analysis 
that a more rapid rate of curvature at the inlet, such as existed in 
impeller 2, reduces the relative velocities and thereby delays 
choking. 
point of view, therefore, depends on whether large range or large 


The selection of blade curvature from the mass-flow 


maximum flow is desired. 
An alteration to the elliptically bladed impeller I. was made to 
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increase still further the mass-flow capacity. Alternate blades 
were cut back for one fourth the axial depth of the impeller, Fig. 
11, thus increasing the entrance area and also the blade loading 
in the entrance region. Fig. 12 shows the effect of this alteration 
on range and maximum volume flow capacity. The alteration 
more than tripled the range and the maximum flow was increased 
from 8000 to 9100 cfm per sq ft. With fewer blades and in- 
creased entrance area, the inducer not only was able to accom- 
modate more flow, but also was able to operate over a greater 


range of inlet angles of attack. 
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Frows or 
Analysis of Inducer Flow Conditions. Of significance to the de- 
signer is the fact that these values of maximum flow ean be pre- 
dicted by theoretical methods developed for analyzing compres- 
sible flow between hub and shroud of arbitrarily designed mixed- 
flow impellers (9). Application of this analysis method to im- 
peller D, Fig. 8, showed that the choking flow in the inducer can 
be predicted with «a reasonable degree of accuracy. The agree- 
ment between the predicted and actual maximum mass flow, as 4 
function of tip speed, is shown for this impeller in Fig. 13. Vis- 
cosity effects, which are not considered in these analyses, may be 
the cause for the predicted flow values to be slightly higher than 
those actually obtained. 


This analysis method is also useful in that it provides an indi- 
eation of the variation of angle of attack that will exist across the 
leading edge of the inducer blade. For example, this analysis 
of impeller Dshowed that a nonuniform axial velocity existed at the 
impeller inlet, due primarily to the curvature within the impeller 
in the hub-to-shroud plane. Sinee the impeller was designed for 
a constant axial velocity at the inlet, this resulted in a variation 
in angle of attack across the leading edge The hub-shroud con- 
tour of the passage upstream of the inlet may eause similar varia- 
tions 
attack across the entire leading edge; design variables which may 
be utilized to achieve this condition include upstream channel 
curvatures, impeller hub and shroud curvatures, leading-edge 
sweep, deviation from radial blade elements, and radial variation 


It is obviously desirable to maintain an optimum angle of 


in blade thickness. By proper design control of these variables, 


it is likely that desired inlet conditions can be attained 


Impeller Function 


As previously pointed out, in mest impeller configurations the 
impeller function cannot be separated from the inducer function, 
Therefore, this section may deal occasionally with portions of the 
passage in which the angular velocity of the air is being increased 
In general, however, this seetion will consider the radial flow of 
the fluid after it is inside the passage, as differentiated from the 
liscussion of the entrance condition in the previous section 

The losses in the flow channels of impellers for centrifugal eom- 
pressors result from viscosity of the fluid. Simple friction losses 
are significant because of high relative velocities and the large 
amount of wetted flow surface. Boundary-laver effeets may be 
appreciable since adverse velocity gradients of considerable mag- 
nitude usually exist along the channel walls. If these velocity 
gradients in the direction of flow are negative and sufficiently 
large, the boundary layer may separate, with attendant losses 
and disrupting of the potential flow. The pressure differences 
that exist within centrifugal-impeller channels also may create 
“secondary” flows. Thatis, when the boundary-layer flow is not 
in equilibrium with the pressure gradient across the channel, a 
flow normal to the through-flow may arise; this type of flow has 
been designated a secondary flow. These secondary flows alter 
the desired potential flow pattern and cause direct losses as a 
result of the partial dissipation of the energy absorbed from the 
through-flow to create the secondary motions. 

It is apparent, therefore, that thick boundary layers should be 
avoided and in particular, that gradients within the channel 
should be controtled. 

Theoretical investigations of the potential flow in centrifugal 
impellers will be of value in this respect if adverse velocity and 
pressure gradients in the direction of flow ean be controlled, 
thereby eliminating the basic source of separation, With the 
present state of the art, viscosity effeets cannot be considered in 
these theoretical flow solutions. However, theoretical techniques 
have been developed which consider other essential features, 
namely, (a) compressibility, (b) three-dimensional geometry of 
the channel, and (¢) rotation of the channel, Using techniques 
of this type, impellers can be designed in which velocities do not 
decelerate excessively along the blade surfaces. This section will 
discuss some of the theoretical and experimental work that has 
been done along these sines 

Three-Dimensional Flow Analysis. Complete thre 
solutions for incompressible flow in centrifugal-impeller passages 
This process, 


-dimensional 


have been made, using relaxation techniques (10) 
however, is extremely tedious and results are difficult: to inter- 
pret. The significant result of this study is that, in general, the 
complete three-dimensional solution can be reduced validly to 
It is believed that the compres- 
that is, 


2 two-dimensional solutions 
sible-flow problem can be handled in a similar manner; 
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considerably simpler two-dimensional solutions can be made in 
(a) the meridional or hub-to-shroud plane, Fig. 14 (a), and (b) 
the blade-to-blade plane, Fig. 14 (b). These two-dimensional 
solutions describe the flow in the impeller passages. As was 
shown by Ruden (11), meridional-plane solutions give a good ap- 
proximation of the mean flow between blades if the spacing is not 
too great. Blade-to-blade solutions then can be obtained for 
every flow surface of revolution generated by rotating «a stream- 
line in the meridional plane. The combination of these two types 
of two-dimensional solutions give a quasi-three-dimensional solu- 
tion which is essentially the same as a complete three-dimensional 
solution. For convenience, therefore, this paper will consider 
the flow in the impeller passage in these two principal planes. 


ROTATION 
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re of Flow in Meridional Plane. The starting point for 


impeller design is felt to be the meridional contour; this feeling is 
dictated by the following considerations: As shown in reference 
(8), the velocities in this meridional plane are essentially independ- 
ent of blade shape (for thin blades), and are primarily deter- 
mined by the hub-to-shroud contour. Fig. 15 shows lines of 
constant relative velocity for (a) an impeller with blades that 
are curved in the inducer region, and (6) an impeller in which the 
curved vanes were removed and straight impeller blades extended 
indefinitely upstream. The good agreement between the two 
indicates that, in this case, the velocities in the hub-to-shroud 
plane are Getermined primarily by hub-shroud contours and are 
little affeeted by blade curvatures. Also, as previously discussed, 
choking velocities in mixed-flow impeller types have been pre- 
dicted with a reasonable degree of accuracy from a consideration 
of flow in this plane (9). Therefore the hub-shroud contour ap- 
pears to be a reasonable starting point for design 
This hub-to-shroud analysis method has been shown to be 
valuable in establishing radial variations in angle of attack at the 
impeller inlet. Another result of this method of analysis which 


is of interest is the variation of relative velocity within the impel- 
ler. Fig. 16 shows the relative velocity variation for impeller 
DD, Fig. 8(a), in the form of contours of ratio of relative velocity to 
inlet stagnation speed of sound, shown in the hub-to-shroud 
plane. Large variations in velocity exist from hub to shroud 
Along the shroud, the velocity is near sonic at the inlet, with de- 
celeration along the entire path length to the impeller outlet. A 
similar condition exists along the impeller hub from A to B. 
These decelerations, of course, are highly conducive to boundary- 
layer build-up and flow separation. Since the results are typical 
of impellers of this type, they probably furnish a partial explana- 
tion of low efficiencies that exist. The relative velocity distribu- 
tion as obtained in this solution represents the mean condition 
from blade to blade. Since the velocity along the suction surface 
is larger than that along the mean flow path, the decelerations 
along the suction surface of the blade are even greater than the 
average value shown in Fig. 16. It appears that careful consid- 
eration should be given the hub-to-shroud contours in order to 
minimize these decelerations. 

Analysis of Flow in Blade-to-Blade Plane. Analyses of flow in the 
blade-to-blade plane (12, 13, 14, 15, 16) have given still further 
insight into the flow processes in centrifugal impellers. A repre- 


VELOCITY 


8 


HUB PROFILE 


hic. 16 Revative VeLtociry Contours iN IMPELLER D 


sentative velocity variation along the blade surfaces in the blade- 
to-blade plane at design flow is shown in Fig. 17(a). Along the 
driving face at inlet, the velocity decelerates; this, however, is 
probably not too serious a condition since the boundary-layer 
conditions at this point are likely to be good. The flow then ac- 
celerates to the impeller tip, which is a favorable condition. In 
general, then, the driving-face conditions can be expected to be 
good, 

On the trailing face of the impeller, Fig. 17(a), acceleration 
tukes place near the inlet, followed by a deceleration to the im- 
peller tip. This deceleration is believed to be one of the major 
sources of loss in centrifugal impellers. Examination of conven- 
tional designs indicates that this gradient can be expected to be 
extreme and it is likely that a separation of the boundary layer 
results. For example, results of the analysis on the parabolic- 
bladed impeller, Fig. 8 and reference (9), indicated an extreme 
gradient, which may very well account for the large losses en- 
countered, Considerable research is required to establish ‘‘lim- 
its’ for this deceleration; the application of criteria similar to 
those proposed in reference (17) is indicated 
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| 4 At low flow conditions, another phenomenon arises which is of 
interest; velocities on the driving face at inlet decrease to the 
point where they become negative, Fig. 17(b). Thatis, an “eddy” 
forms in the passage as illustrated by a plot of the streamlines in 
the blade-to-blade plane, Fig. 18. As pointed out in reference 
(13), this tendency to eddy becomes greater with increased ro- 


iy 
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tational speeds, lower flows, and fewer blades. Correlation of 
theoretical and experimental results have shown that this eddy 
formation may provide an exciting force for surge. 

Experimental Study of Flow in Blade-to-Blade Plane. An insight 
into the behavior of a viscous fluid in the blade-to-blade plane 


was obtained in the internally instrumented 48-in, impeiler, Fig hig. 20° Ve voerry ALONG Buape Fyces or 4S-IN 
1 and reference (2). A comparison of the theoretically predicted 


static-pressure distribution along the blade surfaces (obtained us- 


ing the method of reference 16) and the corresponding experi- 
mentally determined pressures at design flow are shown in Fig. 
19. Good agreement. exists over most of the passage; i.e., dis- 
tributions of ideal and experimental torque are approximately the 
same. A comparison of theoretical and experimental velocities, 
Fig. 20, shows larger variations, however, primarily due to the 
existence of losses in total pressure (which were not considered in 
the theoretical analysis). The eddy which was predicted along 
the driving face (negative velocity between r = 18 in. and r = 20 
in.) was not found experimentally. The absence of the eddy may 
be attributed to a reduction in flow area due to boundary layer 
and to an increase in specific volume resulting from losses. The 
gradient of velocity along the trailing face is essentially as pre- 
dicted 
A further indication of the nature of flow in the passage at - 
design conditions can be obtained by examination of relative effi- tc. bericreney rion or 
ciency contours in the passage, Fig. 21. The greatest inefficiencies IMPELLER Design Flow 
are seen to exist in the region of the trailing-face tip. On the 
other hand, the efficiency along the driving face remained at 100 — the impeller tip, Fig. 22. Since static pressures must be equal on 
per cent for most of the passage length. It is believed that be- — the driving and trailing faces, the velocity at the driving face is 
cause of the pressure gradient from the driving to the trailing face, — therefore higher than that on the trailing face, Fig. 20. This eon- 
the boundary layer is removed from the driving face and trans- — dition undoubtedly results in mixing losses upon diffusion and, 
ferred to the trailing face by a secondary flow process. The de- — thereby, contributes to poor diffuser performance 
celeration along the trailing face and the shifting of low-energy The general conclusion drawn from this research was that the 
air to the trailing face, therefore, provide an explanation for the — internal impeller efficiency could be improved by reducing the 
low efficiency in this region. velocity deceleration along the trailing face. Therefore the 
The variation in efficiency from driving to trailing face shows — passage area was revised to provide a preseribed (and improved ) 
up further as a variation in total pressure across the passage at velocity distribution. Physically, this was accomplished by 
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gluing balsa wood to the driving face of the impeller blade, leay- 
ing the trailing face and the blade height unchanged (18). A 
comparison of original and modified blade shapes is shown in Fig 
23. Internal flow efficiency existing at design in this passage is 
shown in Pig. 24; a substantial improvement over Fig. 21 is evi- 
dent. An efficiency of 1.0 exists over a major portion of the pas- 
sage, with small “islands’’ of reduced efficiency existing midway 
The previous reduction in efficiency along the 
Efficiency contours 


between blades. 
trailing face has been virtually eliminated 
are not shown beyond the 22.5-in. radius, since the velocities in 
this region obviously are not controlled. 

The significance of this investigation is that it has shown that 
the internal efficiency of centrifugal impellers can be improved 
by proper control of flow-surface velocities. This general result 
gives credence to the NACA philosophy of seeking theoretical 
potential-flow design methods in which various ‘“real-flow’’ 
limits of this type may be imposed. 

Indicated Trends of Design. Asa result of these researches, pos- 
sible sources of losses have been indicated. 
arises, what can be done to optimize the channels and thereby 


The question then 
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improve performance? Certain general trends have been noted 


and can be summarized as follows: 


1 Passages should be designed to minimize adverse gradients. 
Potential flow techniques (9, 15, 16) have been developed to the 
point where they provide rapid and sufficiently accurate methods 
for design and analysis. By careful manipulation of curvatures 
in the meridional and blade-to-blade planes, it is believed that 
adverse gradients can be minimized. As pointed out previously, 
however, the exact values of the allowable gradient have not been 
established. Criteria for boundary-layer separation such as 
those given in reference (17) may be applicable. 

2 The use of backward-curved blades may reduce the pos- 
sibility of boundary-layer separation. As pointed out in reference 
(14), the undesirable deceleration along the trailing face becomes 
less as the blades become more backwardly curved. This redue- 
tion in velocity gradient is accomplished even though the tip 
speed must be increased to maintain the same work input. 

3 A mixed-flow impeller has lower velocity gradients than an 
equivalent radial-flow impeller (12). Therefore it appears that 
a mixed-flow configuration is desirable from the point of view of 
boundary-layer separation, 

4 The kinetic energy of the fluid at the impeller outlet be- 
comes a smaller percentage of the total energy as blades become 
more backwardly curved (14). Therefore a compressor with 
backwardly curved impeller blades is probably desirable in that 
a larger portion of the static-pressure recovery takes place in the 
impeller, and the diffuser problem becomes less critical. 

5 The tendency to form undesirable eddy flows on the driving 
face of the blade becomes less if the blades are curved, either for- 
te 

D 

Experimental data taken at the discharge of centrifugal im- 
pellers have shown large gradients in average total pressure and 
Analysis of 


ward or backward (14), 


Dirruser Researcu 


angle across the passage from front to rear shrouds. 
the leaving conditions from the 48-in. impeller, as noted earlier, 
showed blade-to-blade variations. Hot-wire-anemometer studies 
have verified the existence of large variations in velocity from 
blade to blade and from hub to shroud, as well as substantial blade 
wakes (19). These discharge conditions make large mixing 
losses inevitable, and these losses are normally charged to the 
diffuser. It is quite apparent, however, that this problem must be 
attacked initially in the impeller. Before high diffuser effi- 
ciencies can be obtained, impellers must be developed which 
deliver the air with reasonable uniformity. The problems 
of obtaining these uniform conditions at the impeller discharge 
have been discussed in the preceding section. This portion of the 
paper will cover some of the NACA research efforts to recover the 
energy from the nonuniform and turbulent stream which usually 


enters the diffuser. 


Vaneless Diffuser 


General Considerations. The simplest concept of centrifugal- 


compressor diffusion is one where the rotational-velocity com- 


ponent is removed by an increase in radius (conservation of 
moment of momentum) and the radial velocity component 
is controlled by wall divergence. In general, the major portion 
of the kinetic energy leaving an impeller is in the form of 
rotation. On the other hand, the radial component controls 
choking and is the predominant factor in controlling separation 
From these facts, certain advantages result. Since choking is 
determined by the radial component of velocity, limiting relative 
velocities usually oceur in the impeller first. Therefore compres- 
sor operating range is usually wide with a vaneless diffuser, mak- 
ing it a desirable configuration for applications where frontal area 
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is not important. Another advantage is that a supersonic tan- 
gential velocity can be diffused without shock losses; this is 
significant in high-pressure-ratio, high-tip-speed applications. 
One-Dimensional Analysis of Flow. A one-dimensional analysis 
of flow in a vaneless diffuser was made, considering compres- 
As a result of this study, 
it was found that even with conservative friction coefficients 
(and neglecting mixing losses at the impeller tip) the friction 
losses in vaneless diffusers are considerable. 


sibility, friction, and area change (20) 


Computed diffuser 
efficiencies are in the low 80’s, and result basically from the large 
ratio of friction area to flow area. This then constitutes a major 
disadvantage of the vaneless diffuser; the diameter is large and 
the efficiency is low. 

This analysis also considered the effeet of diffuser wall spacing 
on diffuser performance. 
diffuser (with a constant friction coefficient and a constant mass 


It was found that in a parallel-walled 


flow), efficiency increased with an increase in diffuser wall spac- 
ing. Hence it 
appears that the diffuser design should be based on other consid- 


However, the variation in efficiency was small, 


erations, including the stabilizing of the nonuniform flow leav- 
ing the impeller, variation in actual friction coefficient through 
the diffuser, the optimum diffusion rate for the radial component 
of flow, and the like. 
ated experimentally. 

Experimental Investigation of Various Design Parameters. 


These design considerations must be evalu- 


The 
first requirement of « vaneless diffuser is to convert the nonuni- 
form flow at the impeller outlet into a steady flow with a uniform 
velocity profile. A transition profile or “throat’’ design must be 
established. The second requirement is that the diffuser convert 
the kinetic energy to pressure as rapidly as possible without in- 
curring separation. 

The problem therefore was to establish the optimum transition 
profile and then to determine the optimum area expansion in the 
diffuser proper. 
tal investigation were (a) the contraction (throat-to-inlet) ratio 


The design criteria selected for the experimen- 


for the throat section, and (6) the “equivalent cone’’ divergence 
as measured along the flow path. Diffusers were studied with 
equivalent cone divergence angles of 4,6, and & deg, and contrac- 
tion ratios of 0.62, 0.72, and 0.93 (21). As a 
studies, it was found that the optimum contraction ratio was 0.72, 
and the optimum divergence was the 6-deg equivalent cone. 


result of these 


This finding is consistent with results of conical diffuser tests. 
\ further investigation was conducted wherein the effect of 
reduction in diffuser diameter was studied, and the location and 
magnitude of losses in the diffuser were determined (22). These 
tests using high-efficiency-type mixed-flow 
impeller, established the following loss pattern: Diffuser en- 


conducted, 


trance losses were approximately constant (6 per cent of impeller- 
outlet efficiency ) for all diffuser diameters, 
of the diffuser were smal] compared to the entrance loss. 


Losses in the interior 
As ex- 
pected, the exit loss was large and was essentially a “dump” 
loss. 

This general trend for internal losses was verified by studies of 
the friction coefficient through the diffuser (23). Measured fric- 
tion coefficients were compared with those for turbulent flow in a 
smooth pipe. These studies showed large losses at the diffuser 
entrance (3 times pipe values) and minimum losses in the interior 
of the diffuser (equal to pipe values). As a result, average values 
of friction coefficient were about 50 ner cent higher than those 
From the results of the one-dimensional 
analysis and these friction-coefficient studies, it is apparent that 
the vaneless diffusion process has inherently large frictional 


found for smooth pipes. 


losses, Some improvement in performance may be realized by 
increasing the impeller flow and the diffuser wall spacing to the 
extent that the ratio of friction area to flow area, and the flow- 


path length are both decreased. 


A RESEARCH ON CENTRIFUGAL COMPRESSORS 


Consideration of the diffuser prob- 


Vaneless-Vaned Diffuser. 


lem indicates that a vaned diffuser which utilizes a vaneless 
transition section to stabilize the flow and reduce the Mach num- 
ber to a subsonic level has the potential of combining some of the 
better features of the vaneless and vaned diffuser. Blades are 
then utilized to remove the rotation at a higher rate than by a 
simple increase in radius; the diameter and flow-path length are 
thereby reduced. However, the flow range may be less than that 
of a vaneless diffuser because of the angle-of-attack problem at the 
entrance to the vaned section. For example, the range of one 
compressor investigated was increased 35 per cent when a vane- 
less diffuser was substituted for a vaned diffuser. The general 
design problem also becomes more critical in a vaned diffuser; the 
vanes must be carefully matched to the impeller and must be 
located at the proper radius in the diffuser. 


critical nature of the design problem is shown by the experience 


An example of the 


with a large centrifugal compressor from a turbojet engine (24) 
where the flow capacity of the compressor was limited by choking 
in the vaned collector. Revision of the vanes resulted in im- 
proved matching of the impeller and diffuser, increased efficiency, 
and increased air-flow capacity. 

The vaneless-vaned design approach warrants considerable 
research effort; the use of high-solidity channel theory similar to 
that used in impeller research is indieated. However, it is felt 
that successful diffuser development requires that efficient impel- 
lers (which will deliver reasonably uniform air at the diffuser in- 
let) be available for conducting the experimental phase of this 
research. 

Scrolls. 
exit of vaneless diffusers, particularly if diameter is limited. A 


As pointed out previously, large losses oceur at the 


possibility for maintaining efficiency as well as a reduced diameter 
is to use a short vaneless section in conjunction with a seroll to 
recover the energy that is normally ‘dumped’ into a collector. 
The NACA conducted «a program of research on a family of 
diffusing scrolls in combination with a small-diameter (20-in.) 
The effect of variations in certain form 
Several 


vaneless diffuser (25). 
parameters on compressor performance were examined, 
scroll cross sections, Fig. 25, were investigated. The angle be- 
tween diverging walls was varied from 24 to 80 deg; one asym- 
metrical cross section was studied; the surface finish was varied. 
As a result of this investigation, it was found that the changes in 
scroll geometry and surface condition resulted in negligible dif- 


ferences in compressor performance. However, the substitution 


80° ASYMMETRICAL go° 


24° SYMMETRICAL 40° SYMMETRICAL 


hig. 25) Cross Secrions OF 


18 
| 
' + 80° 
go*t 2541-7 
> 
5 * 
TRICAL 
/ 
24° 40° = 
25 VA 25%}. / 
wl 


re TRANSACTIONS OF THE ASME JULY, 195% 
A 


of the scroll for a conventional collector ring, both with the 20-in. 
diffuser, gave increases of 3 to 12 points in compressor efficiency, 
substantial increases in pressure ratio, and extended the operating 
range. Fig, 26 shows the comparison of performance of two con- 
figurations, namely, 20-in. vaneless, and 34-in. vaneless (both 
with « collector ring) with the performance for the compressor 
with the seroll, The performance with the scroll is essentially 
equal to that with the 34-in. vaneless diffuser and substantially 
better than the 20-in. vaneless diffuser. The use of scrolls of this 
type may be advantageous in certain applications. 
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Gexenat Asprers oF APPLICATION OF CENTRIFUGAL COMPRES 
sors TO Gas-TURBINE ENGINES 


In order for the inherent struetural and economical advantages 
of the centrifugal compressor to be utilized in the highly ecompeti- 
tive aireralt) gas-turbine-compressor field, the prime require- 
ment of extremely high air-flow capacities per unit of compressor 
frontal area first must be achieved. This must of course be ac- 
companied by an efficient) compression process. The conven- 
tional-type centrifugal compressor is basically handieapped, air- 
flow capacity wise, by having the impeller exit diameter consid- 
erably larger than the impeller inlet diameter, Fig. 27(a). This 
geometry also further prohibits large air-handling capacities on a 
frontal ares basis since the diffuser is of necessity larger in diam- 
eter than the impeller. It is necessary therefore to alter the 
basic geometry of both the impeller and the diffuser. General 
trends that have been established in the previously discussed 
NACA research provide a basis for future design thinking 

The obvious change would be to make the impeller tip diam- 
eter constant from inlet to exit. This type of impeller may be 
deseribed as a very high solidity axial-flow rotor. However, it 
must be noted that some of the compression is still obtained by an 


Increasing radius of rotation. Fig. 27(4) shows an impeller pas- 
sage of this type. Typical characteristics may be noted as fol- 


lows: 


1 Impeller tip diameter is constant from inlet to exit. 

2 Inlet-eye areas are very large to allow increased air-flow 
capacities, 

% Rapid changes in hub-shroud curvature are used to reduce 
the channel-passage area. These rapid curvatures result from 
aerodynamic considerations and the desire to maintain a mini- 
mum axial rotor depth. 

4 Air discharges from the impeller in basically two directions, 
axial and circumferential. 


Impeller-design problems that require considerable research 
become apparent. The high inlet relative velocities that result 
from the high inlet-blade speeds must be considered. These high 
inlet relative velocities will have considerable effect on the inlet 
losses and choking characteristics of the impeller. Experimental 
and theoretical investigations of blade and hub-shroud shapes to 
insure Optimum pressure and velocity gradients for an efficient 
process are required, Flow conditions must be established at the 
impeller exit which will reduce the critical nature of the diffuser. 
It is apparent that the diffuser performance will be more critical 
for this type of configuration, Fig. 27(4), than for a radial-flow 
impeller. Because of the constant tip diameter, a change in 
radius cannot be used to reduce the velocity ahead of the diffuser 
vanes, Therefore the velocities entering the diffuser blading 
may be very high, probably in the supersonic range for high- 
pressure-ratio units. Diffuser blading and passage shapes must 
he evolved to diffuse this supersonic stream efficiently. 

Centrifugal compressers of this type are being investigated 
The background of experimental and theoretical knowledge on 
centrifugal compressors built in the past has proved highly ef- 
fective in these new designs. It has been found that the poten- 
tial flow theories together with the experimental data on impeller 
choking and pressure and velocity-gradient control studies in the 
two-dimensional radial-flow compressor are directly applicable. 
Recent results have indicated that the competitive future of the 
centrifugal compressor in the aircraft gas-turbine field is promis- 
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The authors are to be congratulated 


phases of compressor design. 
a few additional problems. 

In Fig. 6 of the paper the authors show an inducer with very 
close spacing of blades. It appears to the writer that if the lay- 
out of such an inducer had been chosen according to current axial- 
compressor theory, the solidity of the blading could have been 
decreased, thereby resulting in a lower blade number and smaller 
friction losses in the inducer. 

In an attempt to obtain a relation for the permissible decelera- 
tion of the flow within the impeller as a funetion of the blade- 
outlet angle, the writer submits the following question: Which 
part of the velocity distribution around the blade (see Fig. 17 
There 
are three distinet regions of deceleration to be considered: (a) 
at the inducer, (4) along the driving face, (¢) along the trailing 


of the paper) should be used as a characteristic value? 


face. 

It appears that quite a large deceleration can be tolerated at 
the inducer without adverse effects owing to the small boundary 
laver at the leading edge (assuming « correct inducer design). 
The average deceleration along the trailing face is smaller than 
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that along the driving face, with the exception of a small segment 
near the blade trailing edge where any separation does not affect 
the flow too severely. The largest range of continuous strong 
deceleration apparently is along the driving face. The slope of 
this range might be considered a criterion for a comparison of dif- 
ferent blade configurations and may be used as a separation 
parameter, 

This would differ from axial-blading-design practice where the 
continuous deceleration along the trailing face generally is used 
as a eriterion for determining a separation parameter. 

In the survey on radial-impeller research, the writer misses 
some studies on the influence of blade foree on the meridional 
flow, as brought forward by Meyer® and Wislicenus.6 The 
writer thinks the use of the three-dimensional blade effects for 
changing the meridional-flow pattern might be another step to 
improve compressor performance. 

The authors 
formance by using axial outflow and constant-tip diameter (see 
The writer thinks the authors lose one of 


propose an improvement Ih Compressor per- 
Fig. 27 of the paper). 
the advantages of centrifugal compressors namely, the thinning 
out of the boundary layer by centrifugal action. In other words, 
they now have to cope with smaller permissible blade loading at 
the blade tip with an axial turbomachine as compared with a 
centrifugal machine 

In a compressor of the design shown in Fig. | of the paper, 
the leading edges of the impeller should theoretically be laid 
out according to the velocity distribution of the flow coming 
around the bend from direction. the 


authors any conception why the free-vortex distribution around 


axial to radial 
this bend usually degenerates to such an extent that a blade- 
inlet design based on constant-velocity distribution (one-dimen- 
sional theory) yields, in most cases, better results than one based 
on the free-vortex (two-dimensional) distribution? 

C. Koenig.’ The authors make the statement: ‘For 
many vears, the design of centrifugal compressors has been largely 
an art This statement is only too true, as any student 
of the “art” will admit readily. 
mended for the very worth-while experimental and analytical 


The authors are to be com- 


investigations described in this paper, which should contribute 
much toward eliminating some of the artistic aspects of cen- 
trifugal-compressor design. 

The authors intentionally have avoided setting down specific 
design rules derived from their experiments. This in no way 
affects the intrinsic value of the data presented, but inspection 
of these data indicates that, possibly with some minor rearrang- 
ing, some very respectable design rules might appear quickly. 

A very important variable, from the compressor designer's 
point of view, is the rotative or shaft speed of the compressor, 
It may be held that aerodynamie performance properly is re- 
ferred to blade speed, and that, in so far as aerodynamics is con- 
cerned, the shaft speed is immaterial. Actually, the compressor 
xerodynamicist almost never has a free hand in choosing the 
shaft speed, and his ultimate design is a compromise with the 


requirements of the driving turbine or motor, limiting outside 


dimensions, bearings, shaft seals, and similar factors, It de- 


velops, therefore, that the aerodynamic problem is not to 
design the most efficient compressor possible, but, rather, to de- 


sign the most efficient compressor powsible within the permissible 


by Richard 
Tech- 
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Mechanics of Turbomachinery,”” by George Wishicenus, 
McGraw-Hill Book Company, Ine., New York, N. Y., 1947, chapter 
5S 

7 Assistant Chief Engineer 
Steam Turbine Company, Trenton, N 


Compressor Department, De Laval 


ia 


TRANSACTIONS OF THE ASME 


speed range. Under these circumstances, it is convenient to 
have basic performance data arranged to include shaft speed as 
one of the variables. 

For saerodynamic-design purposes, the shaft speed N usually is 
combined with the volume flow through the compressor Q and 
head H (work done per pound of fluid) to form a parameter 
which defines the general proportions of the compressor rotor. 
One widely used parameter of this nature is the specific speed 
N,, where 


NVQ 


N, 
Ho 


A low-specific-speed rotor, for example, would run at a low shaft 
speed, pass a small flow, and develop a high pressure ratio (i.e., 
a high head). Conversely, a high-specifie-speed roter would 
run ata high speed, pass a large flow, and develop a low pressure 
ratio, Typical rotors for low- and high-specifie-speed compres- 
sors are illustrated schematically by this writer in Fig. 28. 


HIGH SPECIFIC 
SPEED 


Low SPECIFIC 
SPEED imPticee 


hie, 28) Typtcan Compressor Rorors 


‘The authors cover several items in their paper that have par- 
ticular signifieance when the specific speed of the compressor is 
considered. For example, it is shown in the authors’ discussion 
on division of work in the rotor that too much energy addition 
in the “impeller funetion,’’ as compared to the “inducer func- 
tion,” will be detrimental to performance. It is also stated that 
a high ratio of friction area to flow area and a long flow-path 
length in the diffuser will result in excessive losses. All of these 
characteristics are inherent in a low-specific-speed compressor. 
On the other hand, in a rotor where the inducer function is 
predominant and there is little increase in the radius of rotation 
of the fluid, it is stated that high relative velocities at the inlet 
become a problem, It also is stated that it becomes difficult to 
achieve efficient deceleration in a diffuser without a large increase 
in radius. These characteristics are synonymous with high 
speed, high flow, and relatively low work-—-in other words, high 
specific speed 

It seems reasonable to conclude from the authors’ discussion 
that very low and very high specific speeds should be avoided 
where maximum performance is desired from a compressor, and 
that there is some range of specific speeds within which best re- 
sults will be obtained. experience has shown that such indeed is 
the case. Very good results have been obtained from compres- 
sors of medium specific speeds in which mixed-flow impellers 
with backwardly curved blades (as suggested by the authors) 
were used, Published data to date are insufficient to establish a 
reliable correlation between specific speed and performance, but 
it appears that the authors’ data cover a broad enough range to 
make notable contributions toward this end. 

The writer wishes to congratulate the authors and their col- 
leagues at NACA for their valuable work with centrifugal com- 
pressors, and hopes that reports on more of the same will be forth- 
coming in the future. 
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G. F. Wisucenvus.* The paper and the NACA reports 
listed in its Bibliography constitute an important contribution 
to the science and art of centrifugal-pump and compressor de- 
sign. Although many of the reports quoted have been used ex- 
tensively, a summary such as the authors’ is essential for putting 
the available data to best use. Besides the application of this 
information to aircraft compressors, it is to be hoped that its 
publication will accelerate the adoption of aircraft-design princi- 
ples in other fields of compressor application. 

The volume of information presented in abstract form is so 
great that the space allowed can hardly do justice to it. For 
example, the description of the vane shapes of impellers D, bh, 
and F as “parabolic,”’ “elliptical,” and “cireular’’ is insufficient 
to identify what may be the really deciding differences between 
these impellers. Fig. 8 of the paper shows that circumferential 
extent (‘wrap’) of the impeller vanes decreases progressively 
from D to F, indicating that the geometric characteristics of the 
vanes change in more than one respect. 

In connection with Fig. 15 of the paper, the authors conclude 
that the action of the impeller vanes has but a minor effect on the 
velocity distribution of the meridional flow. The writer feels 
that this conclusion is too general and may not apply in certain 
cases of practical importance. 

Based on the work of Lorenz,® Bauersfeld developed a general 
criterion of conditions under which the vanes of turbomachinery 
should not have any effect on the meridional-flow picture. This 
criterion, which, of course, is based on a theory of frietionless 
flow, states that the meridional flow may be described by a 
velocity potential only if the “bound vortex lines,” representing 
the deflecting effect of the vanes, lie in the meridional planes. 
This is obvious as, under this simple condition, the bound vor- 
ticity representing the ideal vane action does not have a periph- 
eral component, i.e., a component normal to the meridional 
planes, thus leaving the meridional flow irrotational. Bauersfeld 
presented this criterion as a principle of good vane design for hy- 
draulie turbines. Today we would not agree with this conclu- 
sion. Nevertheless, the classical work by Lorenz and Bauersfeld 
does present the theoretical mechanism for describing the effect 
of the vanes on the meridional flow of turbomachinery in terms 
of the peripheral components of the bound vorticity of the vanes. 

This principle'! was used to describe the effect of radial or 
mixed-flow impeller vanes on the meridional-flow distribution, 
using, as example, the same type of vanes commonly used for air- 
eraft applications, i.e., vanes forming a straight helical surface 
with axially varying pitch.'? In the axial part of the impeller, 
the curvature of vanes of this general form, as considered in con- 
nection with Fig. 15 of the paper, may well be expected to have 
only a minor effect on the meridional flow, because, in this part 
of the runner, the bound vortex lines (approximately lines of 
constant total head) more or less run at right angles to the axis 
of rotation, thus agreeing generally with the direction of radial 
sections through vanes of this type, and are, therefore, them- 
selves approximately radial. On the other hand, in the radial 
part of the impeller, the bound vortex lines swing progressively 
toward a direction parallel to the axis of rotation. Only in the 
case of plane radial vanes, considered in the paper for this part of 
the runner, will such vortex lines lie in’ meridional planes. 


* Chairman, Department of Mechanical Engineering, Johns Hop- 
kins University, Baltimore, Md. Mem. ASME. 

***Neue Theorie zur Berechnung der Kreiselriider,’’ by H. Lorenz, 
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Die Konstruction der Francis-Schaufel nach der Lorenzschen 
Turbinentheorie,"” by Bauersfeld. Zeitschrift des Vereins deutscher 
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In the general case of helical vanes (with their radial-generat- 
ing lines normal to the axis of rotation), the position of 
the vortex lines in the radial the impeller, makes 
it impossible for these vortex to lie in meridional 
This introduces into the meridional flow a vorticity of 


part ot 
lines 
planes. 
the same order of magnitude as the vane vorticity representing 
the peripheral deflection of the absolute flow by the impeller. 
Unfortunately, for helical vanes with radial elements, the result- 
ing velocity differences in the meridional flow are additive to 
those produced by the general curvature of the meridional flow. 
Therefore the total nonuniformities of meridional velocities may 
be quite serious. Fig. 135 of footnote® indicates that the order 
of magnitude of the effect to be expected appears to be far from 
negligible. On the other hand, 
not difficult to approximate by numerical or graphical proce- 
dures, although this vane effect on the meridional flow may well 


it also shows that this effect is 


be so strong as to require a series of successive approximations 
for its adequate determination. 

It is hoped that the work of the NACA in the field of the radial- 
and mixed-flow runner will continue and will include an experi- 
mental check of the vane effects described which may prove to 
be essential for the development of impellers as shown in Fig. 27 


of the paper. 
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SOME NACA RESEARCH ON CENTRIFUGAL COMPRESSORS 


Avutuors’ CLOSURE 


The authors wish to express appreciation to Messrs, Knoerns- 
child, Koenig, and Wislicenus for their pertinent comments and 
suggestions. 

In answer to Mr. Knoernschild’s query regarding that part 
of the velocity distribution which should be considered as charac 
teristic, it is the authors’ feeling that the critical region exists 
along the trailing face. Experimental investigations of radial 
and mixed-flow centrifugal compressors, including, the 48-in. im- 
peller reported in this paper, appear to substantiate this premise 
The problem in centrifugal impellers is therefore analogous to 
that in axial-flow blade rows. 

Wislicenus and Mr. Knoerns- 
child’s views that vane action may have a significant effeet on 
the meridional flow; it was not the authors’ intent to ignore this 


The authors agree with Prof 


vane action or to conclude generally that the vane action would 
have a minor effect. 

The authors do believe, however, that impeller design should 
start with analysis of flow in the meridional plane, considering 
The method presented in reference (9), whieh 


vane action 


includes the blade force term, is suggested for this meridional- 
ats 
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Complete 


The experimental test results for operating a hydraulic 
turbomachine in every possible manner (noncavitating) 
are presented for a representative single-stage axial-flow 
and mixed-flow pump. A comparison is made among the 
three basic types of machine, axial, radial, and mixed 
flow. Anew method for representing, on a single diagram, 
the efficiencies in all types of operation is proposed and 
demonstrated for the case of these three pumps. A 
method for predicting the complete characteristics from 


ideal flow considerations is given. 
wi 
NOMENCLATURE 
ATURE 


The following nomenclature is used in the paper: 


A = impeller discharge area 
6 = width of impeller outflow passage 
Ca = experimental head-speed coefficient based on mean outlet 
Unm* 
diameter = H 
q 
(Cg = experimental capacity coefficient based on mean outlet 
Q 
diameter = 
Auim 
(7; = 


experimental torque-speed coefficient based on mean outlet 


diameter = 4 


pAu,2D, 


9 


« = absolute flow velocity 


D, = inner diameter at outlet (hub diameter) 
D,, = mean diameter at outlet 
D, = outer diameter at outlet (OD) 
Wo = gravitational acceleration 
head 
on = rotational speed, rpm 
n, = specific speed, gpm, ft, rpm units 
flow rate (capacity) 
7 = torque 
Um = peripheral velocity at impeller mean diameter - 
= peripheral velocity at impeller OD 


angle between relative and peripheral velocity (outlet flow 
angle) 

power ratio: n» pump efficiency; nr turbine efficiency 

fluid density 

dimensionless torque coefficient 


ideal flow coefficient 


ideal heaa coefficient 


subscript referring to outlet 

! Instructor, Case Institute of Technology. Jun. ASME. 

Contributed by the Pydraulic Division and presented at the An- 
nual Meeting, Atlantic City, N. J., November 25-30, 1951, of 
Tae AMERICAN Society oF MECHANICAL ENGINBERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, February 
24, 1953. 
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INTRODUCTION 


The idea of determining operating characteristics at conditions 
other than those for which a machine (pump) was primarily de- 
signed was presented originally by Kittredge and Thoma (1, 2)? in 
1931. 
determined and additional head and torque data were obtained 
beyond the zero head and torque points (capacity axis) in a region 
where the torque and mechanical power became output, and a tur- 


The normal pump characteristics at constant speed were 
if 


Data also were obtained for the case of 


bine operation resulted 


reversed flow direction giving rise to a power-dissipation type of 

The data were presented on a percentage basis, + 100 
per cent being the head, flow rate, torque, and revolutions at the 
best efficiency point of the normal pump operation. A similar | 

«set of characteristics was obtained for constant negative speeds, 


operation 


In order to complete the operating picture, constant-capacity 


characteristics were obtained, percentage head and torque being 


plotted against speed. 

In 1937 the complete characteristics of a centrifugal pump were 
presented on a single diagram by R. T. Knapp (3) at the sug- 
gestion of Dr. von Karman. This convenient representation gave 
contours of constant head and torque plotted on capacity versus 
speed co-ordinates (all percentage values) leading to the eight 
sectors of operation shown in Fig. 1. Since the complete operat- 


i 
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ing characteristies for every possible type and condition of opera- 


tion were given, this diagram was referred to as a complete char- 
acteristic or the Kérmaén-Knapp circle diagram 
The various applications of such methods of characteristic 


representation are well covered in references (1, 2, 3, 4, 5, 6) and 
will not be repeated here. It has been noticed that for most 
single-suction single-stage pump units, the maximum efficiencies 


? Numbers in parentheses refer to the Bibliography at the end of 
this paper 


/ A PUMP 
| TURBINE 


are about the same for normal pump or normal turbine operation. 
This might indicate the possibility of designing one unit for a dual 
purpose where possible. A possible practical dual-operation ap- 
plication would be a pump storage system in a multiple-unit 
hydroelectric installation. Water would be pumped into a 
reservoir during low-load periods and run back through the unit 
during peak-load periods. 

The complete characteristics are useful for designing driving 
components and other parts of complete pump or turbine in- 
The installation can be designed taking into account 
Also, the 


available characteristics supply a comparison of the basic types 


stallations. 
loads and stresses at any abnormal operating condition. 


where one unit may be designed for a dual purpose, such as a 
pump and turbine. 

Published complete characteristic diagrams have been available 
previously for radial-flow pumps only. However, in noticing some 
of the basie differences in the characteristics of axial-flow, mixed 
flow, and radial-flow machines, it was of interest to obtain and 
compare the complete characteristies for the three types. 


DeveLorMen’ oF COMPLETE CHARACTERISTIC 


If Newton's laws of motion relating to torque and momentum 
are applied to the flow through the vane geometry of a pump 
impeller, and the exit-flow direction is that of the blade-chord line 
at the exit (.e., according to the Euler infinite vane theory), a 
relation between the torque 7’, capacity Q, and rotational speed 
n, may be obtained. It will be assumed also that the inlet flow is 
meridional (i.e., it has no rotational component), uniform, and 
irrotational, and the fluid is incompressible, ice., ideal. The 
dimension constants of the impeller geometry and the density of 


the fluid willenter as parameters. The result is 


dD, 


where B. is measured from the direction of the rotational-velocity 
(It should be noted that cot 2, is usually a negative quan- 


vector 
tity.) 


Multiplying this expression by the rotational speed @ in radians 
per sec gives the energy input. If no losses are considered, the 


mechanical input equals the hydraulic output 
Tw = pgQH {2] 


and an expression is obtained for the head, H. 

Consider a specifie machine with a fixed geometry (exit area A, 
impeller outside diameter D,, and exit blade angle £,) so that 
these factors may be lumped into constants of proportionality. 


Using the foregoing relations 
cot 
Tn pQn 
60 A 


A,Q(u AQ)... 


where 
60 cot By on 


rb,, cot By 
iH 
60g 60 
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TD, 
60 


x 


In particular, consider 
Then in the design 
region of pump operation, all of the characteristic variables arbi- 


These are the ideal relations desired. 
that this machine was designed as a pump. 


trarily will be designated as positive quantities and this design or 
best efficiency pump type of operation will be referred to as the 
normal pump type of operation. Having adopted this sign con- 
vention, any other type of operation will follow in normal sequence 
as shown in Fig. 1. This diagram shows all the zones of operation 
for a real pump 

If Iquation [6] is plotted in the usual manner as an H-Q 
characteristic at constant speed, the result is the usual Euler 
straight-line characteristic with negative slope. It was assumed 
that the rotor had an infinite number of vanes; 
possible to derive an ideal characteristic for a finite number of 
A num- 


however, it is 


blades of given chord length, spacing, and stagger angle. 
ber of caseade or lattice theories have been derived which give a 
constant correction factor to the Euler infinite-vane head (7, 8, 9, 
10, 11, others). The relation at 
constant speed is seen from Equation [4] to be parabolie and 


and ideal torque-capacity 


concave downward. Since the speed is constant, this is also the 
ideal shaft or input-power curve. 

Usually turbomachine characteristics are given only in the first 
quadrant (normal pump zone of operation in the case of a pump); 
however, considering an ideal system, there is nothing to prevent 
these characteristics from being extended in both directions be- 
yond the zero head (or torque) and capacity axes, similar to the 
The 
characteristies for a hypothetical axial-flow impeller (described in 
The co-ordinate 


experimental procedure described in the introduction. 


a later section) are presented in Figs, 2 and 3. 
values in these figures are fractions of design-point values, all 
characteristic quantities being given the value of +1 (or + 100 per 
cent) at the design point. 

If all of the original assumptions are held valid, a set of im- 
peller characteristics may be obtained in a similar manner for the 
negative direction of rotation n). 

The 


Kuler and energy equation, Equations [1] and [2], would give 


equations of the eharacteristies as derived trom the 
smooth continuous curves 
ginning of the regions of no useful output in Figs. 2 and 3 (zones 
D and H). 
leading edge for the entire flow variation such that, for negative 
flows, the leading edge is the same as for the positive flow direc- 
tion. However, assuming that the leading and trailing edges are 
reversed in relation to the blade, when the flow is reversed, the 


However, a cusp is shown at the be- 


This is because the equations have assumed a fixed 


equations still can apply by giving the magnitudes of the charac- 
teristic quantities. Since the foregoing equations were derived 
only for the ideal case, there is no way this behavior can be deter- 
mined from them, nor is any method possible whereby they may 
he altered to predict such a behavior. Graphs of the characteristic 
quantities obeving square-law relationships then will have cusps 
at the origin, Figs. 2.and 3. The input and output power still ean 
he considered numerically equal, but opposite in sign. This 
opposition of sign gives a ratio of input to output of — 1 which 
may be thought of as a dissipation operation. This is « definite 
departure from the assumptions of ideal flow in that no mecha- 
nism has been predicted or defined for the power dissipation which 
now consists of both mechanical and hydraulie power which are 
being fed into the machine and, consequently, into the fluid. 


To get the stalled torque (at n = 0) and other points hard to 
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Pereentace CHARACTERISTICS 
Axiat-FLow 

head-capacity characteristic at positive design speed; 
heav dashed line torque-capacity characteristic at positive design 
speed; light lines are for negative design speed. eavy solid line 
torque-speed characteristic at positive design capacity; heavy dashed line 
head-speed characteristic at positive design capacity; light lines for nega 
tive design capacity.) 
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(a, Heavy solid line 
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These two sets of constant +n and-—n head and torque versus — 
capacity characteristics may be presented for various speeds as 
families of characteristics, or, preferably, the two families may be 
reduced to two dimensionless characteristies with the aid of the 
similarity or affinity relationships among the geometric and fluid 
+n 


parameters and the characteristic variables. These constant 


dimensionless characteristics then will be proportional to 
Hon? and versus Yn, eg, Equation when divided by 

H T @ 
gives A and Equation |4] gives a k, 

n? n? n? 
These two sets of characteristies include every type of operation 
possible fora turbomachine and correspond to Figs. 2(a) and 3(a) 
tnand Figs, 2(a) and for on. The H and 7 versus n 
and may be obtained from 
These also may be made dimensionless, | 
A, (equation 


tor 
characteristics at constant 
equations and {6}. 


the relationships being proportional to 


i? 
{4}) and kK, (equation [6)). Notice that the head- 


speed characteristic is parabolie and the torque-speed characteris- 
tie is a straight line, the latter being the usual turbine character- 
This turbine characteristic will appear in the first quadrant 
when the flow and speed are negative, Le @, the ratio 
Phese relationships are shown in Fig. 3. 


istic 
nand 
being positive 

Every possible condition and type of operation has been indi- 
cated analytically for the ideal case. For a graphical representa- 
or four as in Fig. 3, one 
and 


Fig. 3 may be combined to give two if the abscissa values of 
4 


tion, two graphs are required as in Fig. 2, 


each for constant +n, -— on, Or the four plots in 


. both being positive, are plotted on the positive axis 


one graph 
Now 
single diagram 


consider a method to present all the information on a 
Still assuming a pump impeller, a design point of 
All of the characteristic quantities are given 
All of 


the characteristic values then are divided by the design-pomt 


operation is chosen 


the value of + 100 per cent at this condition of operation 


~ values so that the characteristics all are presented as percentages 
of design values, This will give relationships of per cent H/n? 


versus Q/n, and soon, Fig. 3. To conclude this development, it is 


= necessary to choose a specific type ot machine, since some basic — 
— differences exist in certain types of operation, mainly in the reverse | 
However, there is no loss of generality in the 
In the 
region of reverse pump operation, the characteristics shown in 
Figs. 2 


pumping zone 
— application of the method to any type of turbomachine 


and 3 are necessarily those for an axial-flow machine. 


Characteristic FOR AXIAL-FLoW IMPELLER 


The following is an example of the derivation of the single com- 


plete characteristic diagram for a simple, hypothetical, axial-flow 
HyporueticaAl Proportional CHARACTER- 
ISTICS FOR AN AXIaL-FLOW IMPELLER 
Solid lines, proportional head-capacity characteristics; dashed lines 
proportional torque-capacity characteristics. ¢,d, Solid lines 
torque-speed characteristics: dashed lines, proportional head-speed charac- 
teristics 


Fie. 3 pump impeller. 

For clarity of representation, assume that (a) the design head 
ke. 8, is one half the head at shutoff, (b) the unit has no flow guidance at 
inlet or outlet, and (¢) the vanes are symmetrical and have no 


camber, If these assumptions are applied to the foregoing de- 
mt: articular Squat wi sim- 
reach, another set of characteristics may be constructed forQ = ™ lopment and in particular to Pquation [1], the following sim 
relating the characteristics are obtaimed 


i 


constant with abscissa and ordinates 7 and H which give plified equations 


straight line 7-n and parabolic H-n functions (i.e.,Q = constant in 
Equations [4] and [6)), but with cusps on the H lines at the origin 


H = n(2n 


where the dissipation zones begin. In this case, as the direction PT = Qi2n —Q). 


of rotation is reversed while maintaining a constant-flow magni- 


tude and direction, the leading and trailing edges of the blades K, = K, «Sand = 
are assumed interchanged, a condition which is not predicted by 


quation |6}. Assuming this switeh between leading and trail- — (where all values are percentages of design-point values). 
To represent these equations graphically, choose per cent Q as 


With these co- 


ing edge makes the ideal one step closer to the real operation, 


and makes the four characteristic plots compatible. the ordinate and per cent nas the abseissa 
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TRANSACTIONS 


ordinate axes, lines of constant per cent H and per cent 7 can be 
plotted. These constant per cent H and per cent T lines are seen 
to be hyperbolas with @ = 0, n = 0 and Q = 2n as asymptotes. 
The + 100 per cent and — 100 per cent T and H contours are shown 
in Fig. 4. Families of such curves for different percentage values 
of H and 7 would present the entire story for the flow for this one 
simple case. It also is possible to find any flow condition from the 
100 per cent curves with the aid of the proportionality laws, 
as 


IpeaL Compete CHARACTERISTIC FOR STRAIGHT, 
NoNCAMBERED Axtat-FLOW IMPELLER 


(Solid lines are + and 100 per cent constant head; dashed lines are + and 
100 per cent constant torque; dotted lines are a first approximation to a 
real fluid.) 
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An alternative method consists of beginning with the four con- 
stant-speed and constant-capacity plots in dimensionless form 
(W and Tf versus @, ete.) reducing these to proportional form as in 
Fig. 3, determining the equations of the characteristics from only 
the four straight-line characteristics and then making the co- 
ordinate transformation to the Q-n axes. In doing this, the 
dimensionless characteristics are determined; then the 
centage characteristics are obtained, Fig. 3, and from these the 
co-ordinate-axis transformation is made to the Q-n axes. This 
method is mentioned because it more nearly parallels the experi- 


per- 


mental procedure described later 

The foregoing method, although applied to a specifie simplified 
machine, is perfectly general and may be applied to any type of 
pump to obtain the ideal complete characteristics. beatin 

In the ideal diagram, Fig. 4, there are two conditions that vary 
greatly from those expected in operation with a real fluid. These 
are the infinite Q indicated to obtain a finite head at zero speed 
(locked rotor), and the infinite n indicated to obtain a finite 7 at 
zero Q (shutoff). These are the n = 0 (for H) and Q@ = 0 (for 7) 
asymptotes, respectively. Both are based upon assumptions of an 
ideal (frictionless) fluid, and state that, since no resistance to the 
flow exists, (a) at the locked-rotor condition, a very small H will 
give an infinite Q (and a finite 7'), and (6) at shutoff a very small 
T will produce an infinite speed (and a finite H). For a real fluid, 


Frow ConsipeRATIONS 


a finite applied head will produce only a finite flow due to fluid- 
friction losses, so that as a first approximation to a real fluid, the 
constant-head curve may be connected across the Q-axis in a 
manner similar to that indicated by the dotted lines in Fig. 4. 
For the shutoff condition, a finite torque will give only a finite 
speed, or the actual torque curves might resemble more closely 
the dotted lines. 
efficient because of internal friction, the H = 0 and T = 0 values 
would not be coincident, but would include the missing loss see- 
tors, B and F in Fig. 1. Considering that normal pump operation 
is from zero Q to zero H, the line of zero 7’ would be expected to be 
at a greater Q/n ratio than the zero-head line. Also, as the 
operating conditions vary more and more from the design ofr best 
efficiency condition, the separation and internal friction losses 


Also, since the operation is not 100 per cent 


will become greater. 


DrTERMINATION OF COMPLETE 


CHARACTERISTIC 


PERIMENTAL 


The procedure for the determination of the experimental char- 
acteristic diagram was similar to the foregoing description of the 
development of the ideal diagram. The steps were as follows: 
(a) Dimensionless constant-speed and constant-capacity charac- 
teristics were determined experimentally; (b) the efficiency was 
caleulated and the best-efficiency point at normal pump operation 
was determined; (c) the percentage characteristics were calcu- 
lated (corresponding to Fig. 3); and (d) the complete character- 
istic diagram was determined. The procedure was a point-by- 
point calculation, since no analytical expression could be deter- 
mined for the experimental data. The constant n runs were made 
by setting the speed, varying the capacity, and recording the re- 
sulting values of head and torque. For every possible type of 
operation, the speed was varied from zero to the limits allowed by 
the apparatus. Three or four constant-speed runs were made 
over a range bracketing the design speed and varying by a factor of 
The constant-capacity runs were carried out in simi- 
lar fashion. The dimensionless plots then gave a check of experi- 
mental accuracy and the validity of the proportionality laws. The 
accuracy Was quite satisfactory (e.g., the data spread was less than 
one per cent in the neighborhood of the best-efficiency points) and 
the proportionality laws were found to hold in every case. The 


about three. 


dimensionless coefficients were defined as follows: 


A 
(experimental equivalent 
Um? 


Capacity-speed coefficient, Cg = 


ol @) 


Head-speed coeficient, Cy = (experimental equivalent 
“ 


ot y) 


Torque-speed coefficient, Cro = (experimental 


D,, 


equivalent of 7) 


Following Stepanoff (4) the mean peripheral velocity (u»,) is 
based on the mean diameter D,,, which is defined for free-vortex 
blading by the outer and inner diameters at the flow outlet (2), 


and D,) as D,, = V (D,2 + D,*)/2. The constant-capacity co- 
efficients are defined ar A, = —, Ku = _,,, and Ar = |... 
Ce Ce Ce 
It then follows that the pumping efficiency is np = oo? and 
T 
the turbine efficiency is nr = AKr/(K,Ku). 
It is necessary to establish a convention for the signs of the 


characteristic quantities. All four quantities, Q, n, H, and 7 are 
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DiaGram or INSTALLATION SHOWING 


NorMat Firow Cirevir 
(f) Vietaulie couplings 


Fic. 5 ScHeEMATIC 
6 

(a) Inlet header 

(6) Outlet header (g) Bowl unit 

(c) Piezometer rings (h) Dynamometer 

(d) Straightening vane sections (i) Manometer 

e) Vaned elbow — (j) Floor level 


hic. 7) Turee-Dimenstonat 
designated positive in the zone of normal or best-efficieney pump 
Positive hydraulic power HQ is then output and 
On « basis of arbitrarily 


operation. 
positive mechanical power 7'n is input. 
defined Q-n axes, the signs are determined in a logical sequence 
as shown in Fig. 1 for an axial-flow unit. The boundaries of cach 
of the useful zones are the normal limits of operation. 
ample, the region of normal pump operation (zone A) is bounded 
by Q = 0 (shutoff) and H = 

For the determination of a complete axial-flow characteristic, 


For ex- 


CIRCLE 


4 


TURBOMACHINERY 


DIAGRAMS FOR 


H-Q-n Survace 


CompLete Cire Le CHaractertstic DIAGRAM For 4 10-IN. 
AxtaL-FLow Pump or n, = 13,500 


100 per cent constant head; dot-dashed lines are + 
100 per cent constant torque.) 


(Solid lines are + and 


and 


| 


REPRESENTATION OF Fic. 6 


# 10-in. pump of standard commercial practice was tested in the 
liydraulic Machinery Laboratory of the California Institute of 
Technology in a special circuit providing for close regulation and 
determination of any desired type of flow (13), A schematic 


sketch of the cireuit layout is shown in Fig. 5 
CompLere CHaractentstic or Unit 


The complete characteristic of an axial-flow unit was deter- 
mined by the method deseribed and is shown in Fig. 6. The 
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TRANSACTIONS OF 


4 


essential differences between this and an ideal diagram, as noted 
under the section on real flow considerations, are seen here. 
Small loss zones (B and F) are seen between each pump and tur- 
bine zone, with large dissipation zones (D) and H) going from 
The finite shutoff torque 
A comparison of the 


turbine to pump (counterclockwise), 
and locked-rotor head values are shown. 
analytical and experimental diagrams for this particular unit 
showed « good correspondence in the normal pump region for 
capacities above 50 per cent. The reverse pump zone I) would 
not show very good agreement between ideal and real flow con- 
ditions because of the blades operating with reverse camber, 
interchanged leading and trailing edges, and poor guide-vane 
conditions, 

The complete characteristic representation covering all possible 
operating conditions would be represented best by 2. three- 
dimensional surface plots; one 7-Q-n and one H-Q-n surface. 
A schematic sketch of the H-Q-n surface, as it would appear for 
this unit, is shown in Fig, 7 


ComMPARISON oF AXIAL, Mixev, AND Rapiat-PLow Macnines 


The procedure for determining the ideal characteristies of a 
centrifugal or radial-flow machine would be difficult. Reverse 
rotation of the axial-flow unit logically produced reverse flow, 
The operation of a radial-flow unit in reverse rotation resembles 
the operation of a radial-flow fan with forward-curved vanes so 
that the flow is stillin the same (+) direction as for operation 
In this case the reverse pump zone of 

The 
H) to 


A character- 


as a normal pump. 
operation is seen to be in the second quadrant (4+Q, ~~ 7). 
efficiency remains positive since the ratio of (+@Q)( 
(T)( 
istic diagram for a radial-flow unit (double suction), as determined 
by R.T While the specifie speed 
shown is figured from the Q, H, and n-values of the double-suction 
pump so that each half would give 1270 specific speed, the single- 
suction pump built later for the same Q, H, and n-values had sub- 
stantially the same complete characteristics making these and 


n) is still positive, denoting a useful output 


Knapp (3), is shown in Fig. &. 


later comparisons valid with respect to either a double or single- 


suction pump. The difference in reverse pump operation from 


2 


Comecere Cire te CHaractreristic DIAGRAM FOR 4 DousBLe- 


Suction or ng = 1800 


(Solid lines are + and 
+ and 


100 per cent constant head; dot-dashed lines are 
100 per cent constant torque.) 
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Compcete CHARACTERISTIC DIAGRAM FOR A 10-IN 
Mixep-F Low or ny = 7550 


(Solid lines are + and 100 per cent constant head; dot-dashed lines are 
+ and —-100 per cent constant torque.) 
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that of the axial-flow unit is noticed readily. Other variations 
noted are (a) larger friction-loss zones, b and F, which might be 
attributed to larger surfaces in moving contact with the fluid, and 
(b) a less effective zone of energy dissipation H, which is perhaps 
mainly due to the inward flow direction. 

The difference in operating characteristics in the reverse pump- 
ing zone posed the interesting problem of how a mixed-flow unit 
would behave as a reverse rotation pump. The complete charac- 
teristic diagram was determined from tests of a commercial 10- 
in. unit, and is presented in Fig. 9. 
the same as for the axial-flow unit. The size of the reverse pump 


The behavior is essentially 
zone is smaller at the expense of a larger loss zone F. | Bumps in 
the dissipation zone D also indicate a combination of effects. This 
particular unit was in the higher-specific-speed range with the 
mean through-flow direction being at an angle of only 35 deg from 
the axis so that the reverse pump zone might have been expected 
to fall in the third quadrant. A notable feature of this unit was 
the instability loop in the normal pump zone. 


Mernop ov Errictency REPRESENTATION 

Considering the ideal operation of a unit, by definition its 
efficiency is everywhere 100 per cent, and the power ratio of out- 
put to input is unity and positive for every type of operation. 
Neither of these holds for the real case. The power ratio will be 
positive only in regions of « useful output and negative in the loss 
and dissipation zones, as is apparent from Fig. 2, or any of the 
circle diagrams. 

A satisfactory method of representing efficiency, or power ratio, 
on a single diagram at first appears difficult.* Consider an at- 
tempt to extend the pump efficiency (np). The ratio of HQ to 
7'n can be extended beyond the zero value obtained for zero head 
(as shown in Fig. 10) but, as the torque approaches zero, this 
ratio can be seen to approach minus infinity. In the negative Q- 
direction, HQ and T get very large with n remaining constant, so 
that this ratio again approaches minus infinity. The inverse ratio, 

* It is possible to show iso-efficiency contours on the circle diagram, 


big. 2; however, some difficulty is encountered in the loss and dissipa- 
tion regions and the diagram becomes complicated 
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SWANSON -COMPLETE CHARACTERISTIC CIRCLE DIAGRAMS FOR TURBOMACHINERY 


MIXED FLOW 


* 7580 
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Fic. 10 Heap Torque-CapaciTy CHARACTERISTICS FOR 
Positive RoTaTION SHOWING PoWER AND ErriciENCY REPRESENTA- 


TION IN A ZONE OF No Userut Output 


(Solid line, dimensional head-capacity characteristic; dashed line, torque- 
capacity characteristic; dotted line, efficiency versus dimensionless capacity; 
dot-dot-dashed lines, hydraulic HQ, and mechanical power Tn.) 


RADIAL 


AXIAL FLOW 
Powrr-Ratio CHaracrentstic POR A RaptaL-PLow 


Pome 


hig. 13 


n,* 13500 
power ratio or efficiency history on a single diagram was deter- 
mined by Prof. A. Hollander of the California Institute of Tech- 
nology. 
With the foregoing assumptions, values of power ratio are 
+1 and lon Q- and n- 
The resulting diagrams are shown in Figs. 11, 12, 


plotted radially between the limits of 
co-ordinates. 
and 13. 


angles of zero lift and maximum stall, 


The cusps are of some interest in that they indicate the 
The axial-flow unit shows 
lines connecting these cusps to be nearly perpendicular, indicating 
For the axial-flow unit, the 
magnitudes of the efficiencies in the abnormal zones can be at- 


Power-Ratio CHARACTERISTIC FOR AN Axtat-F Low 
Pump 


Fig. 11 
a low solidity and a small camber. 


How- 


or turbine efficiency (nr) also will show similar difficulties 
ever, considering the hydraulic and shaft power between the pump 
and turbine zones (zone B), each is seen to be zero or finite with a 
Between each 
rherefore the 
assumptions are made that any operation, where HQ exceeds Tn 


point of intersection where their ratio will be —-1 
pump and turbine zone such a condition will exist 


in absolute value, will be a pump-type operation and that an 
operation where 7'n is greater in absolute value will be a turbine- 
type operation. On this basis, a scheme for representing the entire 


tributed to conditions described in the seetion, Complete Charac- 
Unit 
maximum efficiency in the normal turbine zone is usually equal 


teristics of an Avxial-Flow For the radial-flow pump, the 
to, or 4 little greater than the maximum norraal pump efficiency 
for a simple single-stage unit. That this is not the case here may 
be attributed primarily to the adverse flow conditions obtained 
when operating a double-suction unit with the flow reversed. 
The reverse pump efficiency would be expected to be low as would 
The mixed-flow 


the reverse (outflow) turbine efficiency unit 
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shows a combination of effeets but, predominantly, axial-flow 
characteristics. 
CONCLUSIONS 

The complete characteristics for an axial-flow pump (with a 
specific speed of 13,500) and a mixed-flow pump (with a specific 
speed of 7550) have been presented for the first time. These 
characteristics when compared with those for a radial-flow pump 
(equivalent single-suction specific speed = 1270) give a compari- 
son for the three basic types over a wide range of specific speeds 
The manner in which the axial and radial-flow tendencies combine 
for the mixed-flow performance can be seen with reference to the 
experimental characteristics obtained 

A new method of a complete representation of efficiency at all 
conditions of operation is presented. Pump and turbine efficien- 
cies (or power ratios) and power ratios for power-loss conditions 
are represented as a radial parameter on capacity versus speed- 
co-ordinate axes. 

A theoretical complete characteristic is possible to determine, 
but is of a limited value because of the adverse flow conditions en- 
countered at conditions of abnormal operation, A comparison of 
ideal and experimental characteristics for the axial-flow unit 
tested (n, = 13,500) showed good agreement between capacities 
of from 50 per cent to the zero-head capacity. There is little basis 
for any comparison at any other operating condition as indicated 
by the low efficiencies in all zones of operation except those of 
normal pump and normal turbine. However, such an ideal dia- 
gram is desirable if a unit is to be designed for more than one 
specific type of operation. By considering the deviations noted 
here and with the experimental circle diagrams available, the 
total actual circle characteristics may be estimated fairly closely 


ACKNOWLEDGMENT 


The experimental work was carried out under the very able 
and appreciated guidance of Prof. Aladar Hollander, whose sug- 
gestions, interest, knowledge, and experience have been a great 


help and inspiration. 


- 


| 


JULY, 1953 


The author also wishes to acknowledge the Peerless Pump 
Division of the Food Machinery Corporation for supplying the 


pumps on which these experiments were conducted. 


BIBLIOGRAPHY 


1 ‘Vorginge beim Ausfallen des Antriebes von Kreisel pumpen,”’ 
by D. Thoma, Mitteilungen des Hydraulischen Institute der Tech- 
nischen Hochschule, Munich, Germany, vol. 4, 1931, pp. 102-104 

2 “Centrifugal Pumps Operated Under Abnormal Conditions,” 
by C. P. Kittredge, vol. 73, 1931, pp. 881-884. (English translation 
of 1.) 

3 “Complete Characteristics of Centrifugal Pumps and Their 
Use in the Prediction of Transient Behavior,"’ by R. T. Knapp, Trans 
ASME, vol. 59, 1937, pp. 683-689 (for 8-in. pumps). 

“Some Characteristics of Centrifugal Pumps,"’ by R. T. Knapp, 
preprints of ASME University of California and Stanford Summer 
Meeting, June, 1934 (for 4-in. pumps). 

4 “Centrifugal and Axial Flow Pumps,”’ by A. J. Stepanoff, John 
Wiley & Sons, Inc., New York, N. Y., 1948, chapters 5 and 8. 

5 “Special Operating Conditions of Centrifugal Pumps,” by A. J. 
Stepanoff, Hydraulic Institute Fourth Annual Contest Engineering 
Papers, 1944. 

6 “Centrifugal-Pump Performance as Affected by Design Fea- 
tures,”’ by R. T. Knapp, Trans. ASME, vol. 63, 1941, pp 251-260. 

7 “Die Strémung um die Schaufeln von Turbomaschinen,”’ by 
k. Weinig, J. A. Barth, Leipzig, Germany, 1935. 

S “Fluid Mechanics of Turbomachinery,”’ by G. F. Wislicenus, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1947, p. 451, 
chapters 7 and 9. 

9 “A Study of the Theory of Axial-Flow Pumps,” 
Wislicenus, Trans. ASME, vol. 67, 1945, pp. 451-463. 

10 “Das Férderhéhenverhaltnis radialer Kreiselpumpen mit 
logarithmischspiraligen Schaufeln,"’ by A. Busemann, Zeitschrift fiir 
Angewandte Mathematik und Mechanik, vol. 8, 1928, pp. 372-384. 

1! “Konforme Abbildung in Hydraulische Probleme,"" by W. 
Spannhake, VDI Verlag, Berlin, Germany, 1926. 

12. “Complete Cirele Characteristic Diagrams for Turboma- 
chinery,”"’ by W. M. Swanson, thesis, California Institute of Tech- 
nology, 1951. 

13 “Laboratory Development for Study of Flow in Rotating 
Channels,”’ by K. T. Knapp, A. Hollander, A. J. Acosta, and W. C. 
Osborne, paper presented at the Annual Meeting, New York, N. Y., 
1948, of Toe Society OF MECHANICAL ENGINEERS. 


by G. F. 


— 


TRANSACTIONS OF THE ASME J 
| 
= = e+ 


Theoretical Consideration of 
Retarded Control 
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By G. H. COHEN! axp G 

This paper is concerned with a theoretical study of the 
control of a single-capacity process with dead-period lag. 
Characteristic equations corresponding to the application 
of proportional, proportional-plus-derivative, propor- 
tional-plus-reset, and proportional-plus-reset -plus-deriva- 
tive responses are used to graph the controller parameters 
The 
degree of stability is taken to be associated with the ampli- 
Ef- 


fects of the various controller parameters are shown and a 


necessary to obtain a desired degree of stability. 
tude ratio of the lowest-frequency harmonic mode. 


method is suggested to determine the adjustable parame- 
ters for a desired degree of stability. 


VER since the publication by Callender, Hartree, and Porter 
EK (1)* considerable attention has been directed to the study 

of the dynamics of control of retarded systems. Some 
interest has been shown in the “optimum adjustment’ of the 
control parameters for particular types of control functions and 
process characteristics (2-7). It is the purpose of this paper 
to study the control of a single-capacity process with dead-period 
lug. The controller will be assumed to be conventional; i.e, it 
will have available proportional, integral or reset, and derivative 
responses. 

The two principal components of the control loop are the proc 
ess and the controller. The process is considered to include all 
parts of the installation exclusive of the controller. For this 
discussion the final control element or valve will be included with 
the process 

The process can be characterized by its reaction curve which is 
the chart record obtained when the valve is given a sudden sus- 
tained disturbance with the Such a 
record is shown in Pig. I(a) for a unit change in pressure. There 
appears to be « period of time during which the pen moves but 


controller disconnected. 


little and this dead time or lag L may be of some magnitude in 
comparison with the transfer lag (the lag due to the lumped ea- 
The dead time is due to the fact that the 
process is really a continuum where the parameters which describe 
The lag due to the finite time of 
transport of the signal (for example, a long tube which carries a 
If the con- 
tinuum contains no inertia, it may be represented by a number 


pacity of the process ) 
the process are distributed. 
compressible fluid) is called a distance-velocity lag 
of cascaded lumped resistance-capacity networks. Increasing 
the number of the cascaded elements gives a better approxima- 
tion to the continuum since the order of contact with the time 
axis increases with the number of elements in the lumped cireuit 
However, 
creases with the number of elements. 


approximation the complexity of the problem in- 
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(a) Process-reaction curve Process Nyquist plot 


hic. 


A good approximation which has the advantage of simplicity 
may be obtained by introducing « certain amount of dead time 
along with one or two resistance-capacity elements. In this 
paper we approximate the reaction curve by using dead time 
and a single-capacity lag 

The following differential equation can be used as the first ap- 
proximation to the process 


dy 


y= kh AFit L) 
dt V 


= pen deviation from set point, in 
= unit reaction rate, in/ psi min 
time, min 
process sensitivity, in /psi 
dead-period lag, min 
AF = controller output change, psi 
Z = process time constant, min 


The frequency response G, is 


twwl, 


tWy) Re 


=> 
AF R 


as shown in Fig. 1(6) where wy is the applied angular frequency 

We will consider a controller to regulate the process which has 
proportional, integral and derivative response functions. This 
controller may be represented by the following differential equa- 


dY(t) 
Sil + V(t) + T 
dt 


proportional sensitivity, 


tion 


AF(t) = 


psi/in 
reset rate, min”! 
derivative time, min 


The controller response to a unit step in pen deviation and fre 
quency response G, are shown in Figs. 2(a) and 2(6). It is more 
interesting to make a phase-magnitude plot for a sinusoidal varia- 
tion in Y(t) as shown in Fig. 3. This shows that the conven- 
tional controller can be considered as a band-rejeetion filter and 
amplifier, the low-frequency corner being determined by the reset 
Pro- 
portional sensitivity sets the amount of gain in the rejection band. 


rate and the high-frequeney corner by the derivative time. 


Since we are concerned with “regulators’’ we will consider 
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(a) Controller transient response ) Controller Nyquist plot 


Kia. 2 


only those disturbances which can be represented by a change 
in load and not by a change in set point 
In this investigation the load change occurs 


One can easily go from 
one to the other 
at the valve end of the process at zero time and produces the 
For 
the approximation to a single-capacity process with dead-period 


same reaction curve as a step change in pressure at the valve. 


lag we can write 


dyit R 
y(t) = R AF(t— L) 


4 3) 
+ R AD L) [3 


where AD is the load change, psi. In order to get the control- 
loop equateon in nondimensional form, we introduce the follow- 


ing notation: 


= self-regulation index of process 


= dimensionless “time’’ 


Lr) 

RLAD, 
dimensionless proportional sensitivity setting — 
“rate’’ setting 
dimensionless derivative time — 


dimensionless “pen deviation” 


= dimensionless reset 


= SRL(UL) = integral parameter 


«= SRL = sensitivity parameter 


vy, = SRL ( L ) = derivative parameter 7 e : 


For a constant disturbance AD, the control loop may be repre- 
sented by the differential equation 


1 
+ = 4 / v,Ar 


dt 
Vy 
The ultimate aim in the adjustment of controllers is to obtain 
a response curve which will satisfy the user's requirement for good 
control, The quality of control is therefore relative to the appli- 
The user usually wants minimum area under the response 
Ziegler and 
Nichols (2) suggest that the amplitude ratio of the response curve 


cation 
curve, minimum deviation, and minimum eycling, 


be about 0.25, and this is a commonly accepted rule of thumb 
in the process industry 

Since retarded action implies that the response curve consists 
of an infinite number of harmonic modes, it would be fruitless to 
We shall, there- 
fore, designate the “degree of stability’’ to be associated with the 


prescribe the amplitude ratio for each mode. 


amplitude ratio of the fundamental (lowest-frequency ) harmonic 
mode, 
Adjustment of the controller will be based on information ob- 


(a) Log-magnitude versus frequency (b) Phase versus frequency 


Fic. 3 
tained from the control region. We define the control region to 
be the graphic relationship between the adjustable control param- 
eters necessary to obtain a prescribed degree of stability of the 
response curve. The characteristic equation of the control loop 
is used to plot the control region. 4 

The control region may also be obtained by means of the well- 
Instead of using the 
amplitude ratio of the fundamental harmonic mode as a meas- 


known methods of frequency analysis 


ure of degree of stability, the loci of ‘constant magnitude’ are 
commonly used. Since this method has received considerable 
attention in the past vears, we will not consider it as a basis of 
analysis. Moreover, there is at times serious error in estimating 
stability and response from these diagrams (8). 

We will now consider the special cases of proportional con- 
trol, proportional-plus-derivative control, proportional-plus-reset 
control, and proportional-plus-reset-plus-derivative control 


= 0) 


The control relationships are obtained from the characteristic 


PROPORTIONAL CONTROL (», = v 


equation which for this case becomes 


There is an infinite number of roots corresponding to Equation 
6,) being shown in Fig. 4. We are 
interested primarily in the pair of complex roots with the lowest- 


5), the real roots (p = 


frequency component which we denote by 


Fic. 4 Roots or CHaracteristic Equation [5] 


her 
S 
ce 
-- 
| 
| 
p= wW—r +t [6] 
PY where @ = amplitude ratio of fundamental mode 
- 
WS 
| 
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= 27 dimensionless angular frequency of fundamental 


mode 


P = period, min 


Substitution of Equation [6| into [5| and separation of the real 
and imaginary parts vields 


tun w 


sin Curves ror Proportional Conrro., a = 0.25 


The foregoing equations define the control region for propor- 


tional control as shown in Fig. 5. The sensitivity parameter is 
plotted against the self-regulation index uw. The solid lines are 
contours of constant amplitude ratio a of the fundamental while 
the broken lines are loci of constant dimensionless period P/L. 

If the disturbance is a Heaviside step of height AD») 


Or) = COs (W,T 


d 
1G. 7 OMPARISON OF LTIMATE AND 0.25 Ratio 
provided there are no repeated roots of the characteristic equa- SENSITIVITIES 
tion and where 
¢ TABLE 2 OFFSET, INITIAL DEVIATION, AND PERLOD, PROPOR. 
= harmonic amplitudes TIONAL CONTROL 
w, = harmonic frequencies (Amplitude ratio of fundamental = 0.25 
d, = associated phase angles At. ory - _ 7, = time of initial deviation 
= magnitude of initial deviation 


= damping constants for each harmonic mode 
6; = offset 


6, = damping constants corresponding to real roots oy 
0.970 
0 870 
445 
0 O66 


TABLE 1 APPROXIMATE AMPLITUDES OF HARMONICS, PRO. 
3 PORTIONAL CONTROL 


(Amplitude ratio of fundamental = 0.25) 
me f ma Equation {7} are negligible in comparison with the fundamental, 


It is evident that for 0 < yw < 1 all of the higher harmonies in 


858 0 010 Thus, if one chooses the amplitude ratio of the fundamental to 


836 0.010 


696 0 O10 be 0.25, the response curve will have approximately this degree of | 


588 0.010 
502 0 0332 0.010 
0 0332 0.010 Phe offset 1/(ve + gw) and the time and magnitude of the initial 


stability. 


* deviation (height of the first peak) of the response curve are shown — 
in Table 2 for various values of self-regulation and an amplitude 


ratio of 0.25. It is seen that the initial deviation is about one 
| and one-half times the offset 


: A few representative response curves are shown in Fig. 6 for 
the case of proportional control, These curves are easily sketched 


by obtaining from Fig. 5 the sensitivity setting vy, and period for 


; the process characteristic and desired degree of stability. For 
7 an amplitude ratio of 0.25, the time and amount of initial devia- 


tion as well as the offset may be determined from Table 2 


Fig. 7 shows the ratio of the sensitivity settings Sx necessary 
to obtain an amplitude ratio of 0.25 to the settings necessary to 


obtain an amplitude ratio of unity (the ultimate sensitivity S,) 
as well as the period corresponding to this ultimate sensitivity 


Conrron = 0) 
The characteristic equation corresponding to this case is 


+ wp) = 90 


As before, we obtain the equations for the control region 


sin 
v, = (r sin w — cos — pe 
w 


' 

44 286 138 
34 2 28 0 68 ‘ 
2.2 ow 
0 
0.3 
05 
0.7 
40 + | 
| | 
| 
+> ‘ 
| 
Fic. 5 Controt Reaction ror Proportionat Controt > 


sinh + cos Ww 


Figs. 8 and 9 show the p-contours in the control region for 
amplitude ratios of 0.25 and 1.0 (the stability-limit case ) 
chooses settings along a 0.25-amplitude contour for a fixed y, it 


As one 


is found that the controlled response changes considerably in 
Table 3 shows what happens to the offset, the time 
of initial deviation, the magnitude of the initial deviation, 


character, 
and 
period for z= 0 

It is evident that for the offset to be 
between 0.3 and 0.4 
at a rapid rate. 
for a self-regulation index yu of 0.3 

If 0.25-amplitude ratio is desirable and if minimum offset is re- 


4 minimum vy should be 
For larger values of v, the offset increases 


The corresponding values are shown in Table 4 


quired, then the controller can be adjusted according to Table 5. 
The period, initial deviation, magnitude of initial deviation, off- 
shown 


set, and linear approximations for the settings also are 


for various values of y. 


© TERISTICS OF RESPONSE 


NAL-PLUS-DERIVATIVE 


CURVES 
CONTRO! 


PROPOR 


ay 
ous 


PABLE 4 CURVES 


CONTROL 


CHARACTERISTICS OF RESPONSE PROPOR 
TION 


NAL-PLUS-DERIVATIVI 


68 
O65 
oot 
0 65 


CHARACTERISTICS FOR PROPORTIONAL-PLUS-DE- 
ATIVE CONTROL WITH MINIMUM OFFSET AND 0.25 AMPLI 
TUDE RATIO 


0.161 + 1.240 


Region ror vrive 
CONTROL, a O.25 


bia. Contrroi 


TRANSACTIONS OF 


THE 


The response curves for gw = O and wp = 0.3 are shown in Fig. 


CONTROL = 0 


The addition of reset. response removes offset, but tends to 
make the system more The 


for this case may be written 


unstable characteristic equation 


p? + pute "(yy + wp) = 


and the control region is defined by 
cos w + (1 r?) sin w| 


+ pe~™ [r sin w cos 


= + wre‘ cos w — 2r sin w] 


+ pwe ™ [reosw + sin w| 
These equations allow one to plot the control region shown in Fig. 
11. The control parameter v, is plotted against for various 
and for an amplitude ratio of 0.25. The 
bility-limit case and for critical damping are 
and 13, respectively. 

It is also Known that the control area is 


= 
Vv; 


As one progresses along a particular contour of 0.25 amplitude 


contours for the sta- 


» shown in Figs. 12 


ratio, it is found that the control area does not change very much 
in the neighborhood of maximum vy; but the frequeney does. It 
is desirable to keep the frequency as large as possible and retain 
minimum control area. 


ATIVE 
CONTROL 


Srasmiry 


4 


| | 
| 
= 
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Response Curves roR orive 
Controi, a = 0.25, MINIMUM OrrseT 
(Upper curve « = 0, lower curve wo = 0.4) 


hig. 120 Limits ror CONTROL, 


| 

+ 

| 
06 


Pre. 11) Controt Recton ror Con- 
TROL, a = 0.25 
25 d if. 4 


a 


Fig. 14 shows response curves for settings chosen along the 
0.25 amplitude contour in the control region ia Rearr ConTROL 
If it is desirable that the response curve be critically damped 
so that most of the area of the curve is above the control point, 
then Fig. 13 is used. For this case the criterion of minimum con- 
trol area is the selection of the maximum value of ¥, on the con- 
tour of critical damping 


ATIVE CONTROL 


If derivative action is added to a proportional-plus-reset con- 
troller, the characteristic equation is 


= 
wwe {(2rw COs w r?)| TROL 
(a) p = = 0.27, = 0.90; (b) = = 0.18, = 0.96; 
sin + 2rwr (c) = 0, = 0.073, = 1.01; (d) = 0.3, mn = 0.45, = 0.938 


p? + pu (y + + wp?) = 0 


“Again we find 


‘ / | 
Bra. 10 
\ 
T ---— | “a 
| 
oal + + + 4 | 
| | i 
(| 
| 
| 
il 


= Wis + cosw + (p 2rw) 


sin w} + wl — 
The control regions obtained from the foregoing equations are 
shown in Figs. 15 and 16 when the fundamental harmonic com- 
ponent of the response curve has an amplitude ratio of 0.25. 
There is an infinite number of modes which add up to the actual 
The introduction of derivative makes it possible to 
have a set of values of v4, v2, and y, yield not only a mode having 
0.25 amplitude ratio but also a critically damped mode. The 
contours for the stability limit are shown in Figs. 17 and 18. 


response. 


Representative response curves for parameters chosen on a 
0.25 amplitude ratio contour for w= Oand wu = 0.3 are shown in 
Figs. 19 and 20. The values of the parameters in Fig. 20 were 
taken so as to make the control area a minimum when vy = 
0.5 (curve a), to make the parameter vy, a maximum when v; = 0.5 
(curve b), and to satisfy both 0.25 amplitude ratio and critical 
damping when = 0.5 (curve 
approximately the largest possible value of v, satisfying simul- 
taneously the condition of the eritical damping and 0.25 ampli- 
tude ratio. 


The parameter vy, = 0.5 gives 


Curve e¢ may be considered optimum, 
CONCLUSIONS 


We have shown how the contro] regions are used to determine 
the control-parameter settings for a prescribed degree of sta- 
bility of the response curve. One must be able to obtain the 
process constants wu, R, and L from the process-reaction curve 
and to write the linearized approximate equations for the con- 
troller. 

Since there is a degree of latitude in the actual controller set- 


tings, this method suffices for most practical cases. This is evi- 


15 Conrrot Reaton ror 
Derivative 0, a = 0.25 


+ 


“278 


| 


| 


2a 36 


i2 20 


ConTROL REGION roR 
Derivative ContTRoL, w= 0.3,a = 0.25 


dent by the facet that the settings prescribed by Ziegler 
and Nichols have been commonly accepted. However, the Ziegler- 
Nichols settings do not take into consideration the self-regulation 
of the process. 

We therefore suggest the following settings, if the degree of 
stability specified by 0.25 amplitude ratio for the fundamental 
mode is desirable: 

Proportional control (criterion, 0.25 amplitude ratio) 


1.03 + 0.35 


Proportional-plus-derivative (criteria, 0.25 amplitude ratio 
and minimum offset) 


ve = 124+ 0.16 


Oll 


vy, = 0.34 (9) 


Proportional-plus-reset (criteria, 0.25 amplitude ratio and 
compromise between minimum area and period) 


vy, = 0.9 + 0.083 uw vy, = 0.27 + O64 {10} 
Proportional-plus-reset-plus-derivative (criteria, 0.25 amplitude 
ratio and critical damping modes dominant, maximum v2) 
vo = 1.35 + 0.25 


0.54 + 0.33 


If there is no interaction between controller adjustments then 
one can obtain the actual controller adjustments as follows 


V2 


S = = sensitivity, adjustment knob setting 


832 TRANSACTIONS OF THE ASME JULY, 1953 
| 

JT X | 
| 
| | | 
| 
| LAL | 
| | +4 

| | | | 
/ | | | 
| 


COHEN, COON—THEORETICAL CONSIDERATION OF RETARDED CONTROL 


6 


Limits roR 
Derivative = 0 


STABILITY 


\ 


Fic. 18 Limits ror 


Derivative Controw, « = 0.3 
> 


= reset rate, adjustment knob setting 


derivative time, adjustment knob setting 
If there is interaction between controller settings, then the 
parameters ¥;, Yo, and vy are first obtained from the linearized 
controller equation. For example, a cascade controller (4) has 
the following relation between adjustable parameters and the 


control constants 


: 


are used to obtain S’, 0’ 


Response Curves ror 
Derivative Controt 

0.8, » = 1.41, mw = 0.5; (b) = 0.54, = 1.35, 

= 0.57, »: = 1.21, vs = 0.3; (d) mn = 0.34, »2 = 1.27. 


hic. 19 


= 0.5; 


Reseponse Curves ror 
Derivative ConTROL 


1.24, ve = 1.45, = O.5 
= 15, m= 0.5 
= 1.43, 4 = 05 


(a) 4 = 
(b) = 1.02, 
(c) = O.04, 


vy, = S(1 S’U' RL? 


+ U'T ORL 


adjustable knob labeled “Sensitivity” 
adjustable knob labeled “Reset Rate’ 
adjustable knob labeled “Derivative Time 


where 
U’ 
1’ = 


Relationships [11] yield 4), v2, and vs, and then Equations [12] 
4 7’, the actual knob settings of the 
cascade controller, 


‘The control regions show that increasing the self-regulation 


with proportional alone. Moreover, the control-region graphs 
show that the period increases with the addition of reset to pro- 
portional control 

The addition of derivative action allows one to use increased 
sensitivity and reset rate. Hence the period is decreased further 
and the control area is decreased, giving much better control 
It is apparent that the addition of derivative action decidedly 
improves control for values of self-regulation 0 < yo <1. For 
processes having uw > | derivative offers little advantage from the 
standpoint of load-change disturbances. However, as pointed 
out in reference (9) start-up of a batch process requires the use 
of derivative to prevent overpeaking. Hence derivative is al- 


most always a desirable response. 
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Discussion 


Phe authors are to be congratulated on pre- 


Y. TAKAHASHI. 
senting a paper with very clear conclusions and very useful con- 
trol-region diagrams. 

The authors’ statements on the complexities of industrial proe- 
esses and the presence of continuum are highly important, con- 
sidering such complexities were occasionally ignored by some 
control mathematicians, leading to utopian conclusions such as 
infinite gain as an optimum. 

Theoretically the horizontal asymptote in Fig. 3 (a) should be 
defined by S’ of the following equation 

AF/Y = 


U'/p) (1 + 


Putting this identical to the corresponding form of Hquation [2] 


S 
(1 t wr) 


- 


of the paper we get 
Ss’ = 


Bat, in most cases, especially near the optimum: settings, the dif- 
ference between S and S’ is very slight; moreover, the authors’ 
horizontal line of the height “20 log S” comes nearer to the exact 
attenuation curve than that of S’. 

Compared with the results of other papers,’ the values from 
the authors’ equation are among the higher. Generally, the con- 
clusions depend upon the definition of “optimum,” so if the 
transient response itself is considered instead of the fundamental 
mode of oscillation, they are influenced by the nature of disturb- 
For the latter 


Assuming the disturbance of 


ance, defined statistically or as a time function 
ease the writer tried an analysis. 


the form 


AD = 


and defining the optimum to be the minimum control area of 


S Oa) de, it was seen that the longer the 7',, the stronger 


* Professor, University of Tokyo, Chiba-City, Japan 

* Authors’ Bibhography (2, 3, 5, 6, 7), and “On the Automatic 
Control of Generalized Passive Systems,” by Kun Li Chien, J. 4 
Hrones, J. B. Reswick, Trans. ASME, vol. 74, 1952, p. 175. 


OF ASME 


the optimum settings; 
portional controls are 


SRL = 
SRL = 


Oxo 
1 07 1 40 


for 

tor T, = 

Finally, the writer would like to point out Dr. Oppelt’s com- 
ments® on the importance of Ziegler-Nichols’ ultimate sensitivity 
This enables us to take into account the self-regulation 
of the process, and according to Oppelt, its results approximately 
coincide with Hazebroek-Waerden’s optimum values for propor- 


method. 


tional-plus-reset controls. 


CLOSURE 


For the 0 Fig. 21 


Aa) 
0 Vet 


ratio for various values of vs. 


600 
\ 


process = below shows the integral 
do as well as the offset and amplitude 


It is evident that the absolute aren 


40 
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AREA (ARBITRARY UNITS) 
+ 
x» 


defined by the integral has a very broad minimum. It appears 
that changing v from 0.58 to 1.25 does not change the absolute 
area more than 25 per cent whereas the offset changes about 50 
per cent. Hence, 0.25 amplitude ratio appears to give a good 
compromise between offset and minimum absolute area in the case 
of proportional control. It can also be shown that this criterion 
of absolute area agrees with our results for a three-term controller. 
The authors wish to point out that Professor Takahashi has done 
considerable work along these lines.’ 

Professor Takahashi's discussion brings out some interesting 
aspects concerning the interaction of knob settings in the cascade 
1/T’, the knob settings cor- 
rectly describe the controller functions. However, when (7 
1/7", the straight line approximations to the frequency response 


type of controller. As long as U’’ 


of the controller indicate that the knob labeled reset actually 


controls the derivative response and vice versa. Also, the sen- 
sitivity depends more strongly on the settings of the reset and 
derivative knobs. 

It may be noted that the optimum settings given by Haze- 
broek and van der Waerden are based on a change in set point. 


®*Einige Faustformeln zur Einstellung von Regelvorgangen,”” hy 
W. Oppelt, Chemische Ingenieur Technische, vol. 23, 1951, p. 190 

Automatic Control,’ by Y. Takahashi, The Science and Tech- 
nique Book Co., Kanazawa, Japan, 1949 (in Japanese.) 
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A Fast-Response True-Mass-Rate Flowmeter _ 


By YAO TZU LI! ann SHIH-YING LEE,? CAMBRIDGE, MASS. - 


A flowmeter capable of measuring directly the true rate turi meter, and the flow-nozzle meter are special forms. In 
of mass flow would have many industrial applications and — general, this type of flowmeter consists of a fixed restriction in the 
would eliminate many of the shortcomings of instru- flow passage, the pressure drop across this restriction being used 
ments now available for flow measurements. A descrip- to produce the flow-rate indication. For an incompressible fluid 
tion and diagrams are presented of a new type of mass- 3 
rate flowmeter with a long range, a linear scale, and a Wo= CAV 2pAp args [1] 


very fast response. 
3 po where 


mass-flow rate 
discharge coefficient 
/ FLOW METER isan instrument that gives an output which , area of restriction 
- 5 is a function of the amount of fluid that flows through it in pressure drop across restriction 
unit time. Since flowmeters have been used principally for = density of fluid 

measuring the flow of liquids, which are most easily measured in 
terms of volume, and since it is easier to design a volumetric Since the pressure drop from which the instrument derives its 
flowmeter than a mass flowmeter, the latter has been compara- output indication is proportional to the square of the flow rate, the 
tively neglected. In many applications, however, it is necessary instrument is basically nonlinear, and in such a way that its 
to measure mass flow, and this measurement usually has been usable range is reduced seriously. Also, the discharge coefficient 
made by the rather clumsy expedient of applying corrections to 
the readings of volumetric flowmeters. If the density of the fluid 
stream is constant, this correction is easy to apply, but if the flow 
measurements must be accurate or if the density varies widely, 
the problem becomes more difficult. 

In metering a gas, for example, the mass flow is proportional to 


C is a rather complicated function of the viscosity, density, and 
flow rate, and the geometrical configuration of the instrument, — 
and is often far from aconstant, For this reason it is difficult and — 
often impossible to obtain a direct indication of either mass-tlow 
rate or volumetric-flow rate from this instrument. In addition, if 
this type of flowmeter is used on compressible fluids, the com- 


the volumetric flow times the absolute pressure, which may pressibility still further complicates the relationship between flo 


vary widely, divided by the absolute temperature, which likewise 
may vary. Even with liquids the corrections may be appreciable; 
for example, a gallon of gasoline purchased on a hot summer day 
may contain 10 per cent less fuel than one drawn from the same 
pump during very cold weather. In the chemical-process indus- 
tries particularly, it is becoming increasingly important to meas- 
ure mass flow accurately and rapidly. 

Most currently availabie flowmeters leave much to be desired 
with regard to speed of response also. A sluggish meter may read 
accurately on a flow that changes slowly, but may be very in- 
accurate on rapidly changing flows. The current emphasis on 
rocket and jet-engine research, hydraulic-servo development, and 
the measurement of strongly pulsating pipe-line flows demands 
that fast accurate flowmeters may be available. 


and output indication, 

Besides the difficulties just enumerated, the basic nonlinesrity 
of the constant-area flowmeter makes it difficult to use for the | 
measurement of pulsating or rapidly varying flows. Simple 
averaging of the output leads to large errors; if the square root of 
the pressure drop is averaged, the instrument becomes compli 
cated and the square-rooting process itself often introduces 
errors, 

The principal disadvantage of the variable-head flowmeter may 
be eliminated by varving the area of the restriction in such a way 
that the pressure drop across it remains constant at all times. The 
area of the orifice then becomes the primary-out put quantity and 
can be measured easily with good accuracy. The principal non- 
linearity of the previous type is thus eliminated, but the varin- 
This paper describes a new type of meter that measures mass- bility of the discharge cocflicient remaina, and in addition the 
flow rate directly and accurately, with a linear input-output law calibration of the instrument is a function of the pressure, tem 
and with a very short response time. It should be useful in many 


types of flow measurement that hitherto have been difficult or : ; figs 
of the average flow velocity across a fixed area, Still others de- 


perature, density, and viscosity of the fluid 

More elaborate flowmeters! may be based on the measurement 
impossible. | 
pend upon measuring the speed of a flow-actuated turbine or a 
Survey or AVAILABLE FLOWMETERS positive-displacement motor, Flowmeters of these types mezs- 


: rs ure volumetric-flow rates and if mass-flow rates are required, a 
Probably the simplest and most commonly used type of indus- are volumetric-f ne | 


malty ot be applic 
trial flowmeter? is the constant-area variable-head type, some- density correction must be applied. 


A true mass flowmeter, utilizing the Magnus principle, was 
proposed by Dr. W. T. D. van Dijch of the Technical University 
' Assistant Professor, Department of Aeronautical Engineering, of Delft in 1941. and has since been used to some extent.” Its 
Massachusetts Institute of Technology. 
* Assistant Professor, Department of Mechanical Engineering, 
Massachusetts Institute of Technology. 
“Fluid Meters, Their Theory and Application,” ASME Research — evlinder located in an enlargement of the flow passage, and the 
Publication, 1937. 
Contributed by the Industrial Instruments and Regulators Divi- ‘*Klectromagnetie Blood Flowmeter,” by J. W. Clark and J. bk 
sion and the Fluid Meters Research Committee and presented at the Randall, Review of Scientific Instruments, vol. 29, 1949, p. 951 ® 
Annual Meeting, New York, N. Y., November 30-December 5, *’’The Mass Flow Meter, A Method for Measuring Pulsating YC - 


times called the headmeter, of which the orifice meter, the ven- 


principle of operation is shown schematically in Fig. 1. The 
stream of fluid to be measured passes both ways around a rotating 


1952. of THe American Society oF MECHANICAL ENGINEERS. Flow,”’ by D. Brand and L. A. Ginsel, Instruments, vol. 24, 1951, p 
Nore: Statements and opinions advanced in papers are to be — 331. 

understood as individual expressions of their authors and not those of “A Flowmeter Designed to Measure Mass Flow by Direct Calibra- 

the Society. Manuscript received at ASME Headquarters, Novem- tion,”’ by 8S. M. Tennant and J. R. Turner, MS thesis in Mechanical 

ber 17, 1952. Paper No. 52— A-170. Engineering, Massachussets Institute of Technology, 1950 
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te 


pressure difference Ap between the mid-points of the two passages 
is used as an indication of the mass-flow rate 

The theory of the device depends upon the following assump- 
tions: 

1 The average circulation velocity V; of the fluid, which is 
exused by the constant rotation of the cylindrical rotor, has a 
constant value for any fluid and for any sort of flow pattern in the 
two branches. 

2 The actual flow velocities in the two passages are the sums 
of this quantity V>- and another quantity Vim, which is the flow 
velocity in the passage when the rotor is stationary 

3% The flow in the passages is pure potential flow, so that 
Bernoulli's equation applies, 

li these assumptions are correct, the action of the flowmeter 


can be expressed in analytical form as 
= 


A 


where p, and p, are the pressures at the upper and lower flow 
passages, respectively, and A is the total cross-sectional area of 
the two flow passages. 
equation [2] shows that the device shown in Fig. L will act 
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asa true mass flowmeter if the three assumptions are valid. Un- 
fortunately, it appears that they are not strictly so, either in 
theory or in practice, with the result that meters operating ac- 
cording to this principle require careful calibration and complete 
knowledge of the properties of the fluid being metered, and there- 
fore cannot be considered as wholly satisfactory answers to the 


problem of measuring mass-flow rates 
PRINCIPLE OF OPERATION OF FLOWMETER 


The flowmeter to be described depends for its operation upon 
the measurement of the moment required to give a fluid stream a 
Coriolis acceleration, The operation can be described most 
readily by referring to the special case illustrated in Fig. 2, where 
the fluid is assumed to flow uniformly through a straight tube, the 
motion of each particle being parallel to that of the others. As- 
sume also that the tube is rotated at a constant angular velocity 
w nbout the axis O which intersects the axis of the tube at right 
angles. The Coriolis acceleration is then uniform everywhere in 
the fluid, and is given by the equation 


[3] 
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where V is the velocity of the fluid relative to the tube. 

The total force acting on the tube in the direction perpendicular 
to its axis can be found by integration over the volume of the 
Thus 


Fo dr = 


tube. 


where W is the mass rate of flow. 
Similarly, the net moment about O due to the Coriolis force is 
given by 


= 


M= Wepar dy = 


= wre? 


Force anp Moment Propucep by ACCELERATION 


> 


SHAPED VESSEL 
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Thus according to Equations [4] and [5] both the force and the 
moment are linear functions of the mass rate of flow through the 
tube, which may be considered as the flow-sensing element. 

The same equations can be shown to apply under much more 
general conditions than the simple tube of the previous case. In 
Fig. 3 assume a vessel of any shape whatever, with two small 
openings, through which fluid enters and leaves, If the vessel is 
held stationary, the net force exerted upon it by the fluid must 
pass through the point of intersection O of the fluid velocity vec- 
tors V; and V». (It need not be assumed that the vectors are co- 
planar since any components that they may have parallel to the 
axis of rotation will be ineffective in producing a moment about 
that axis.) But if the net force vector passes through O it can pro- 
duce no moment about O. if now the vessel is made to rotate 
about O with an angular velocity w while the relative directions of 
the fluid velocities V; and V; with respect to the vessel remain un- 
changed, a net moment will be produced as a result of the Coriolis 
acceleration of the fluid. 

The value of this moment can be found by applying the law of 
angular momentum, the only basic assumption being that the 
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influx and efflux velocity vectors remain radial as seen by an ob- 
If this is so, the tangential ve- 
locity of the fluid at the entrance (as seen by a stationary ob- 


server rotating with the vessel. 


server) is simply wr;, and Wwr,? is the rate of angular momentum 
into the control volume which is annular volume containing this 
Similarly, the rate of efflux of moment of momentum is 
Wwr.?, and the net moment exerted on the vessel by the fluid is 
the difference of the two, or 


vessel, 


M = Wo(r:? — r,?) {6} 


— is identical to the previous equation. Thus it can be seen 


that the shape of the flow-sensing element is of no importance, nor 
are the properties of the fluid or the nature of the flow pattern 
The only significant requirement is that the 
vessel be radial. If 


within the vessel. 
entrance and exit velocities relative to the 
this condition is not fulfilled, an additional moment will be pro- 
duced by the tangential components of the velocities, as in the 
case of a radial-flow turbine, and the simple relationship of Mqua- 
tion [6] will apply no longer. 

One practical arrangement embodying this principle is shown 
in Fig. 4. 
impeller of a centrifugal pump. 


The flow-sensing element in this case resembles the 
It is enclosed in a housing that 


GUIDE VANE 
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also resembles a pump housing except that it rotates with the 
impeller and is mechanically connected to it by an elastic mem- 
ber whose distortion serves to measure the moment exerted on the 
impeller by the fluid, and therefore the mass-flow rate. The 
whole is rotated at a constant rate by an external 
motor, and connections between the incoming and outgoing fluid 
lines are made through any suitable type of rotary seai.6 The 
impeller is provided with a sufficient number of radial vanes to 
insure that the flow is substantially radial, so that the output, 
taken from a device that measures torsional deflection with re- 
spect to the housing, will be an accurate measure of the mass-flow 


assembly 


rate, 

It is interesting to note that in the 1 the 
torque required to drive the flow-sensing element is recovered in 
the guide vanes in the housing, with the result that the only torque 


arrangement of Fig, 


which the driving motor must supply is that necessary to over- 
come bearing and seal friction and windage. It should also be 
noted that the signal out put is independent of this frictional torque. 

The device in Fig. 4, unlike some other types of flowmeters, 
ean be used bidirectionally; 
Similarly, the torque can be reversed by 


if the flow reverses, the torque pro- 
duced also will reverse. 


***Mechanical Seals,’ by D. R 
1946, p. 125. 
“Sealing a Rotary Shaft Metal Bellows Construction,”” by R 
Hammond, Chemical rey London, England, vol. 55, 1946, p. 199. 
“Hydraulic Se vals,” Plie k, Machine Design, vol. 20, 1948, p 


Lewis, Machine Design, vol. 18, 
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factor can be changed by 


reversing the drive motor, or the scale f 
changing the motor speed. 

Another possible variant is to oscillate the housing sinusoidally 
With this arrangement, the Coriolis force — 
angular 


instead of rotating it. 
must be separated from the force resulting from 
celeration; hence this scheme is probably of theoretical interest. 
only. 


DesiGN CONSIDERATION POR FLOW-SeENSING ELEMENT 


The basic function of the flow-sensing element is to impart a_ 
known velocity change to the flow mass in a direction normal to 
the flow The primary consideration in the design is 


therefore to keep the tangential velocities of the fluid at the inlet 


passage. 


and outlet of the flow-sensing element equal to the local velocities | 


of the element. Other important considerations are as follows: 


1 A small torsional moment of inertia of the flow-sensing ele-— 
ment. 

2) A-small pressure drop associated with the flow, 

3 Simple construction 

4. Compactness, 


The impeller-shaped flow-sensing element just deseribed is one | 
possible design but is not necessarily the best because its moment 
FLOW-SENSING 


TUBE 
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(b) 
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b, Y-tube; 
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a, T-tube; ¢, guide vanes.) 


with the same outside diameters. A T-shaped tube, as shown in 
Fig. 5(a), is simple to construct and has 4 small moment of inertia. 
The Y-tube in Fig. T-tube, 
somewhat to be preferred, since it reduces the pressure drop by 
at the inlet 


5(b) is a modification of the and is 


decreasing the sharpness of the bends and outlet 

In any type of flow-sensing element it is desirable to include 
If the clement is a slender tube, | 
additional 


hen 


guide vanes to insure radial flow, 
the wall of the tube serves sufficiently 
guide vanes will be required, 
being measured and particularly when the 
added 
the tip 


well and no 
In however 
pressible fluids are 
measuring tube is short and wide, guide vanes should be 
the outlet. A suitable arrangement is shown in Fig. 5(¢ 
of the tube is given a uniform radius and the guide vanes are — 
arranged truly radial to the axis of rotation. This configuration, — 
in effect, makes the tube a sector of the impeller in Fig. 4 

In theory, guide vanes also should be provided at the inlet 
This is probably unnecessary in most cases because the moment 
total 


change in moment of momentum, since 7,2 is usually much smaller 


of momentum of the incoming flow is small compared to the 


than r.? 

Even in the case of the outlet it is unnecessary to use a large — 
number of guide vanes, Since in a practical design the exit-flow 
speed relative to the sensing element is small compared to the 
a small deviation — 


tangential velocity, the error introduced by 


from truly radial flow will be small, of the second order, and there- : 


: 
\ 4 
| 
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fore inconsequential. In the design of the experimental model to 
be described later, a 10-deg error in the exit angle would produce 
only a 2 to 3 per cent error in the flow measurement. 


FREQUENCY or FLOW-SENSING ELEMENT 


In general, increasing the frequency response of an instrument 
requires increasing its undamped natural frequency and providing 
a suitable damping ratio. The undamped natural frequency of the 
flow-sensing element of the flowmeter described here is given by 


1 
where J is the torsional moment of inertia of the flow-sensing ele- 
ment and K is the torsional stiffness of its attachment to the 
housing. 
kK Maximum torque produced by flow 
Maximum angular deflection 


W 


where 


Tm radius at which « deflection-sensing element is at- 
tached to flow-sensing element 
dass maximum deflection of deflection-sensing element 
p density of fluid 
V = flow velocity 
A = area of tubular flow-sensing element _ 


The effective moment of inertia J of the flow-sensing element 
consists of two parts, that of the element itself and that of the 
For the T-shaped con- 
figuration in Fig. 5(a) the total moment of inertia will be 


{9 
pA 


where p, is the density of the tube material and A; is the cross 
sectional area of the tube wall. 
Substitution of Mquations [8] and [9] into Equation [7] give 


fluid in the flow passage in the element. 


This equation shows that for a high natural frequency of the flow- 
sensing element, both the rotational speed and the flow velocity 
should be high. The maximum deflection required t > operate the 
deflection-sensing device depends upon its characteristics; for 
commonly used mechanoelectric transducers this might be 0.001 
in., while if a purely mechanical indicating device is used it will be 
0.1 in. or more, 
frequency characteristics and other desirable properties, the 
electrical type usually is chosen. 


For this reason, as well as because of its superior 


As an example, in one of the experimental models to be de- 


scribed, the pertinent quantities were 


d max = 0.001 in. 


160 ips 
0.5 (approx) 


1800 rpm 
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Substitution of these quantities in Equation [10] gives a natural 
frequency of approximately 600 cycles per sec (eps), which checks 
very well with the experimental results. 


Descriprion oF EXPERIMENTAL Mope.s 


Two experimental models of the mass flowmeter have been 
built and tested in order to check the theory of operation and to 
supply design information for further models. Both models have 
maximum flow ratings corresponding to 5 to 10 gpm of water, 
have rotor diameters of about 5 in., and operate at 1800 rpm. 
Figs. 6 and 7 show the first model in schematic cross section and 
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in a photograph. This model uses a semi-Y-shaped flow-sensing 
element, the flow returning to the axial outlet through two hook- 
shaped tubes rigidly attached to the main shaft. 
tween the Y-tube and the return tubes are sealed by flexible 
metallic bellows whose restraint to torsional motion of the Y-tube 


The gaps be- 


is very small. The principal restraint is that of the torque tube 
which forms part of the stem of the Y and to which resistance-wire 
strain gages are bonded to form the deflection-measuring element. 
The electrical connections to the strain gages are taken out 
through slip rings. The torque tube is an integral part of the 
left half of the main shaft, which also carries the slip rings, the 
Y-tube, and the left bearing and seal. It is coupled to the right 
half by a fork-shaped coupling which is cut away to provide 
clearance around the Y-tube. 


Spring-loaded face-type rotary 
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seals at the ends of the main shaft provide the hydraulic connec- 
tions to the inlet and outlet lines. 

This first model was rather erudely made since it was intended 
only to demonstrate the practicability of the proposed mass flow- 
Its two-part main shaft is structurally weak and neither 
the bellows couplings nor the face-type fluid seals will stand high 


meter. 
pressures, It was very satisfactory for steady-state measure- 
ments, and it showed an essentially linear calibration, unaffected 
These 


results were so encouraging that a second and considerably im- 


by the viscosity and density of various types of fluids. 


proved mode! was built. 
This second flowmeter is illustrated in Figs. 8 and 9. 
T-tube flow-sensing element enclosed by a heavy housing; the 


It uses a 
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construction is similar to that of the impeller-type flowmeter al- 
ready discussed except that the housing is rectangular instead of 
circular, Precision-bored cast-iron bushings mounted in the ends 
of the main frame served as both hydraulic seals and shaft bear- 
ings; the shaft was machined to give just enough clearance to 
permit free rotation and the resulting close clearance permitted 
very little leakage flow. 

The displacement pickoffs in this model were strain gages, but 
of a special design to insure that the fluid being metered could 
not come in contact with the strain-gage wires, The construction 
is shown in Fig. 10; « rocker pin is supported through the center 
of a small flexible diaphragm, the outer end being connected to 
the T-tube and the inner end being provided with an insulating 
pin to which two sets of strain-measuring wires are attached. 
The free ends of the strain-gage wires are fastened to fixed pins, 
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The rocker pin also is provided with a vane and two fixed vanes 
are separated from it by 0.005-in. gaps; the whole strain-measuring 
capsule is filled with a viscous fluid which prevents external pres- 
sure from deforming the diaphragm appreciably, provides some 
damping to the system, and helps to protect the strain-gage wires 
from corrosion as well as to dissipate the heat generated by the 
measuring current, 

Two such strain-measuring capsules are connected symmetri- 
cally to the flow-sensing element by appropriate flexible links. 
The symmetry of the configuration, both electrical and mechani- 
cal, the geometry of the assembly of the rocker pin, diaphragm, 
and strain wire, plus the liquid filling of the capsule, make negligi- 
bly small the unbalance of the bridge due to changing internal 
In theory, the system is completely compensated 
for pressure and temperature changes and is sensitive only to rela- 
tive torsional motion between the T-tube and the housing; in 
practice, this is very nearly true and the assembly is sensitive, 
compact, stable, and fairly rugged. 


pressure. 


Discussion OF Test Resuts 


The experimental work performed with these two flowmeters 
included the following: 


1 Static determination of the strain-gage sensitivity in order 
to calculate the theoretical calibration of the flowmeter. 

2 Experimental calibration of the flowmeter with various 
fluids and comparison with the results of 1, 

3 Measurements of the transient response of the flowmeter, 
both undamped and damped. 

1 Studies of accuracy of measurement of steady flow with 
superimposed pulsations up to 100 eps. 


These four types of experiments and the results obtained are 
described in the following. 

Theoretical Sensitivity of Flowmeter. The constant relating 
strain-gage output to mass-flow rate is the product of two princi- 
pal factors; the first relates the flow rate to the torque generated, 
and the second relates the torque to the electrical output of the 
strain-gage bridge. This second factor can be measured directly 
by applying a known torque to the flow-sensing element and read- 
ing the bridge output. This possibility is a valuable feature of the 
flowmeter, since the first factor depends only on the geometry of 
the meter, which is invariable for a given instrument, and the 
rotational speed, which is easy to measure and which is fixed 
(within the frequency tolerance of the a-c system), if a syn- 
chronous motor is used as a driver. It is thus possible to calibrate 
the meter accurately without actually passing a known flow 
through it, which is usually impracticable under ordinary con- 
ditions of use. 

The results of typical torque-sensitivity calibrations are 
plotted in Fig. 11 by the dotted lines. Multiplication of the 
slope of the torque versus voltage characteristic by the known 
flow-torque sensitivity gives the theoretical calibrations of the 
flowmeters which are shown by the solid lines in the same graph. 
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Direct Calibration for Steady Flow. The flowmeters were 
calibrated direetly using water, petroleum-base hydraulic fluid, 
and nitrogen, The liquid-flow rates were determined by weigh- 
ing; the resulting calibrations are plotted in Fig. 11 together 
with the theoretical calibrations from the previous step; the 
excellent agreement between the three sets of data confirms the 
accuracy of the theory and shows that the calibration is essentially 
independent of fluid density and viscosity, as predicted. 

In the ease of nitrogen, for which the simple weighing technique 
is inapplicable, a erude test was made by allowing gas to expand 
from a high-pressure cylinder through the flowmeter and reading 
With the experi- 


mental arrangement used, it was found difficult to obtain con- 


the cylinder pressure before and after the run. 


sistent results, primarily because the maximum attainable mass 
flow rate was much too small for the test flowmeter. The experi- 
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mental points were scattered, the maximum error being about 50 
per cent. No attempt was made to improve the accuracy with 
gas since the particular model tested was intended for operation 
with liquids. 

Transient Response. The dynamic performance of a device or a 
system is usually studied by measuring its response to one or more 
of three types of input signal: (a) a step input of known height; 
(b) « sinusoidal input of known amplitude and frequency, or (¢) a 
known impulse. Obviously, each method requires a signal source 
capable of furnishing the desired signal, but such sources are dif- 
ficult to construct for the ease of fluid flow. Itis possible, however, 
to generate what may be called a “random step function,” which 
has a rise time fast enough to be considered as an ideal step but has 
an unknown height which varies from time to time in a random 
fashion. Such a function was used in the transient-response 
studies of the flowmeter. 

The block diagram of the experimental arrangement is shown 
in Fig. 12. Fluid was admitted to the flowmeter through a high- 
speed spool-type valve controlled by an electromagnetic-torque 
motor which was driven by a d-e¢ amplifier. This combination 
permitted very rapid and accurate control of the valve opening. 
The remainder of the diagram is self-explanatory; the flowmeter 
output was displayed on a cathode-ray tube and permanent 
records were made with a Polaroid camera. 


TRANSIENT-FLow Recorps ror UNDAMPED FLOWMETER 
(a, Oscillogram; 6, tracing of a.) 
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The photographic record of one test of the undamped flowmeter 


is shown in Fig. 13(a). The lower record is a 60-cps timing wave 
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and the upper record shows the flowmeter output using a 5000-cps 
a-c carrier;, the flowmeter response is the envelope of the carrier, 
This record is also shown retraced for clarity in Fig. 13(b). This 
shows a high-frequency oscillation at approximately 600 eps 
superposed upon a lower frequency oscillation. The high-fre- 
quency response is that of the flowmeter itself. The low-frequency 
response is due to the fluid supply system, ineluding the connect- 
ing tubes, the accumulator, and so on. This interpretation of the 
figure is supported by the agreement of the observed high fre- 
quency with the calculated natural frequency, and by the fact 
that when the instrument was damped by filling the strain-gage 
capsules with a viscous fluid, the high-frequency oscillation dis- 
appeared but the low-frequency one was little affected, A photo- 
graphic record of the latter case is shown in Fig. 14. 


TRANSIENT-FLrow Recorp ror Damped FLOWMETER 


Pig. 15) Recorp 


Measurement of Pulsating Flow. Tn measuring flows in which 
strong pulsations are superimposed upon a steady component, it 
the tusk 
The 
essential nonlinearity and the poor dynamic characteristics of 
most flowmeters make this task difficult, and it is to be expected 
that the meter reported here would be well adapted to this appli- 
cation, Accordingly, in the test setup in Fig. 12, a d-c signal with 
an a-¢ signal superposed was fed inte the d-c amplifier. The 
integrated flow was measured by weighing, as before, The flow- 
rate pattern was as shown in Fig. 15 and the electrical output 


is usually unimportant to measure instantaneous values; 
is normally to get a true measurement of the average flow. 


was averaged and indicated Sy a vacuum-tube voltmeter. 
periments showed that the readings of voltmeter and weigh tank 
corresponded within 2 per cent both for steady flows and for 
flows with large-amplitude pulsations as high as 100 eps, Part of 
the remaining error may be due to the indicating system used, 


No attempt was made to improve the accuracy, but it is believed 
that this can be done, 
CONCLUSIONS 

The true-mass-rate flowmeter described in this paper is based 
upon giving the flow a Coriolis acceleration and measuring the 
torque produced thereby. The equation relating torque and flow 
is simple and linear, and this simplicity and linearity are retlected 
in the design and performance of the instrument. The experi- 
mental tests on two not particularly refined models showed ex- 
cellent agreement with the predicted characteristics, which agree- 
ment confirms the validity of the theory and the design assump- 
tions, 

The principal advantages of this flowmeter are the following: 


1 It gives the true mass-flow rate independent of 


(a) Pressure. 


(b) Viscosity. — - 


(c) Density. 

(d) Compressibility. 

(e) Temperature. 

(f) Nonhomogeneity: It will work on multiphase fluids such as 
mists, foams, slurries, and emulsions as well as on homogeneous 
fluids. 

2 It will read flow in either direction, and the output reverses 
when the flow reverses, 

3 Its speed of response is sufficiently high to permit accurate 
measurements on very rapidly changing flows. 

4 It be used to make accurate measurements of the 
average values of pulsating flows. 

5 Since the output is proportional to the input, it is capable of 


ean 


measuring over a very wide range of flow rates. 

6 The scale factor can be shifted easily over a fairly large 
range by changing the rotational speed. 

7 It is unaffected by gravitational or other translational ac- 
celerations. 

& It offers very little obstruction to the flow, so that the total 
pressure drop through the instrument is small. 

9 A single-point calibration, easily made in the field without 
using fluid flow, determines the scale factor of the instrument. 

10 The same seale factor applies to any fluid which can be 
made to flow through the meter. 


Although the outputs of the flowmeter models discussed in this 
paper were electrical, it is possible, although somewhat more 
awkward, to provide either an optical, a pneumatic, or a mechani- 
cal output indication. Usually, of course, the electrical output is 
to be preferred because of its convenience, accuracy, negligible 
lag, and ease of remote indication and control, 

The one basic disadvantage of the meter is the necessity for 
rotation, which requires a constant-speed drive motor and two ro 
tary fluid seals. It is felt, however, that provision of a drive is a 
small price to pay for its numerous advantages. 
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Optimum Thre« Mode Controller Settings 


By D. W. 

This paper presents a formula empirically derived from 
laboratory analog tests, which yields controller settings 
for a specific class of three-mode controllers. The con- 
this formula will produce 
the 
same time, provide close to optimum response to process 


troller settings specified by 
automatic start-up without overshooting, and, at 
load disturbances. Typical start-up and response curves 
obtained on an electric process analog by the use of this 
formula are presented. Finally, a 
suggested, giving an indication of the maximum amount 


rule of thumb is 
of dead time that can be tolerated in a process which 
must be started up automatically without overshooting. 


STATEMENT OF Start-Up 


Hko automatic start-up of batch or continuous processes 
using controllers which incorporate the reset or integral mode 
of control has always been a troublesome problem. Owing 
appreciable overshoot- 
ing of the controlled variable Mathe- 
matically speaking, this can be explained by the fact that reset 
an integrating function; that is, 
troller output which is proportional to the time integral of the 
While the process is shut down, the deviation (dif- 
and 


to the inherent nature of the reset action, 


always tends to occur. 
action is it produces a con- 
deviation 
ference between set point and controlled variable) is large, 
therefore the time 
controller 


integral of the deviation increases rapidly 
until the output limit. When 
the process is then started up again, the controlled variable first 


reaches an extreme 
has to cross the set point before the time integral of the devia- 
tion can begin to diminish so that control action can take place 
under these conditions. 
avoided at all 


Overshooting is therefore unavoidable 


Thus, on processes where overshooting must be 
costs, the instrument user has been faced with two equally un- 


satisfactory alternatives. He can eliminate the reset response 


entirely, using only a proportional controller. In this case he 


might have to contend with appreciable offsets caused by large 
but 


load or set-point changes. Or, he can use 


This would be 


reset response, 


start the process manually. very time-consum- 
ing in batch processes which are started up at frequent inter- 


vals. 
SoLuTiON TO Start-Up 
A number of schemes have been developed in recent years 
this dilemma (1, 2, 3).2. Many of 
schemes are somewhat complicated and, while effective to pre- 
start-up operation 


attempting to solve these 


vent overshooting, tend to slow down the 


Brown Instru- 
Jun. 


1 Research Engineer, Servomechanism Laboratory, 
ments Division, Minneapolis-Honeywell Regulator Company. 
ASME. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Industrial Instruments and Regulators Divi- 
sion and Fluid Meters Research Committee and presented at 
the Annual Meeting, New York, N. Y., November 30- December 5, 
1952, of THe American Society or MecHanicat ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Manuscript received at ASME Headquarters, 
August 25, 1952. Paper No. 52-——A-58. 
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to such an extent that it takes the controlled variable a time 
longer than desirable in some cases to reach the set point. To 
date, 
drawbacks seems to be 
In this method the 


portional-plus-rate or 


the most effective method which does not suffer from these 
that deseribed by R. Ee. Clarridge (4) 
controller consists of two sections: A pro- 
derivative-action unit, whose output 
is fed into a conventional proportional-plus-reset-action con- 
troller, Mechanically, 
independent units, or they may be 
The 
control action) is the same in either case, 


While Fig 
the proportional-plus-rate-action unit, the 


these two sections may be separate, 
built into one integral three- 
mode controller, schematic diagram (and therefore the 
and is shown in Fig. 1 
1 shows the error-measuring element placed after 
error also could be 
measured ahead of the rate unit. For the purposes of automatic 
start-up, the control action would be the same, 

The reference (4) mentioned explains in detail how such a 
Very briefly, 


As the process is started up, the 


controller can prevent overshooting on start-up. 
the method works as follows: 
How- 


controlled variable ¢ begins to increase at a steady rate 


the output signal + 7'-de/dt of the proportional-plus- 


controlled variable ¢ by 


ever, 
rate-action unit leads the 
to the setting 7. The proportional-plus-reset-action 
controller thus will “think” that the controlled variable already 
has reached the set point, long before that is actually the ease, 
Therefore the time integral of the deviation that had accumu- 


a time equal 
rate-time 


lated while the process was shut down can be eliminated so that 
by the 
point, 


time the controlled variable actually does reach the set 


effective control action can take place, and overshooting 
can be prevented 


AbJUSTMENT OF CONTROLLER 


The instrument user, who has installed a three-mode controller 
of the type described, is then faced with the problem of finding 
the proper combination of controller settings that will produce 
good start-up. The Clarridge paper (4) gives one method for 
finding start-up settings, but states that this method does not 
The 
paper also suggests that this whole problem be more fully inves- 


necessarily produce the optimum start-up performance. 


tigated in order to determine what settings will give the best 


performance, Such an investigation, resulting in the present 


paper, was conducted in the hope that it would fill the existing 
gap, to find the 
bination of controller settings easily without having to resort to 


and enable the instrument user proper com- 


trial-and-error methods, 
a formula which will yield the proper com- 
an experi- 


In order to derive 
bination of controller settings, it was decided to use 
mental approach. Start-up is a discontinuous operation involv- 
ing limiting effeets, so that any purely mathematical approach 
it was de- 


would have become overly complicated. Therefore 


cided to use an electric process analog, which was found to be 
This electric process analog has 


detail 1 


ideally suited to this purpose. 


been deseribed in considerable a previous paper (5). 


The following brief explanation of the operation of the analog 
% 


should therefore suffice, 


- 


Process ANALOG 


The heart of the analog is a bank of electrical resistors and 
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PLUS 
RATE ACTION 


OVERALL CONTROLLER EQUATION : 


WHERE o« # OPERATOR 
K* CONTROLLER GAIN 


RATE TIME 


Brock Diagram or Turee-Mopve Controiier Usep ror Automatic 
Start-Up 
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PROPORTIONAL | CONTROLLER 
PLUS 


RESET ACTION 


K(1+TOX 1+R/D) 
peta! 
b@ 


dt OPERATOR 
I ERATO 


RESET RATE 


CURRENT 
SOURCE 


CURRENT 


NE Twone| 


.2 Broek DiagkaM or ELecrai 


Pic. Over-ALL Scoematic 
capacitors which can be connected to simulate a wide variety 
of industrial processes, Fig. 2. The input signal to the “prec- 
ess’’ is produced by an electronic current source which generates 
position. (The 
current flow might be analogous, for example, to the heat content 
of fuel flowing through the control valve inte a furnace.) The 
output voltage of the resistance-capacitance network is analogous 


a current proportional to the control-valve 


to the controlled variable, and is measured using a 
tube-voltmeter circuit. 


vacuum- 
The span and zero of this vacuum-tube 
voltmeter are adjustable so that the span and zero of the measur- 
ing instrument that measures the controlled variable can be 
simulated properly.? The output signal is then fed into a self- 
balancing potentiometer recorder where it is translated into a 
This 
signal is transmitted to the pneumatic controller 
corresponding controller output pressure 
The control-valve position is converted to a 
voltage by means of a slide wire 


proportional pneumatic signal having a 3~-15-psi range. 
pneumatic 
which then sends a 
to the control valve, 
This voltage actuates the cur- 
rent source which thus generates a current proportional to the 
The time con- 
stants of the various components of the analog are so small as 


valve position, thereby closing the control ‘oop. 


to be negligible in comparison with the time constants of the 
processes tested. 


3 For start-up tests, the zero was slightly suppressed, so that the 
controlled variable always left the span on shutdown. The span 
was made sufficiently wide to allow control action to take place 
during start-up before the variable had arrived at the set point. 
As long as reasonable values for the zero and span of the measuring 
instrument are chosen, they will have no adverse effect on the start- 
up performance. 


= 


Process ANALOG 


CONFIGURATION OF Processes Usep ror 


Anatog Tests 

The analog also includes a dead-time unit which can be con- 
nected into the control loop if it is desired to simulate processes 
The amount of dead time intro- 
from 2 sec to 10 


containing pure dead time. 


duced by this unit is continuously variable 


min, 
Processes Trestep 
len different processes were tested, including two- and three- 


The 


respec- 


capacity processes with various amounts of dead time. 
over-all process configuration is shown in Fig. 3. The 
tive parameter values for each process, as set up on the analog, 
we tabulated in Table 1 

Processes [ and IL were chosen as representing as fast a tem- 
perature process requiring automatic start-up as is likely to 
be encountered, start-up time of 1 min. Process VII, 
in contrast, represents the slowest process (start-up time of 1 hr) 
which was still practical to test. The other processes tested 
lie somewhere between those two extremes.‘ 


namely, 


The process reaction curves for severai of the processes (ob- 
tained by plotting the output voltage of the process after a step 
change in control-valve position, or current input) are shown 
in Fig. 4. Adding dead time te any of these processes does not 

‘The time constant, in seconds, of any resistance-capacitance 
branch is equal to the product of the resistance (in megohms) and 
the capacitance (in microfarads). However, owing to interaction 
between the various resistance-capacitance branches, the effective 
time constants are changed. Thus, for example, process I is equiva- 
lent to three noninteracting RC branches with time constants 
of 65 sec, 10 sec, and 5 see, respectively. 
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OPTIMUM THREE-MODE CONTROLLER SETTINGS FOR AUTOMATIC START-UP 


TABLE 1 


Dead 
time, 


VALUES OF 


Re Ra 


megohm megohm megohm 


7 


60 80 
TIME (SECONDS) 


1 PrRocess-Reaction Curves ror Severar Processes 


IN ANALOG 


change the shape of the process reaction curve, but merely shifts 
the curve to the right along the horizontal time co-ordinate by 


Test Procevure =A 


an amount equal to the dead time. 


ach process was set up on the analog and placed on automatic 
control, After sufficient time had been ailowed to let the process 
variable line out at the set point (around 50 per cent of full 
seale), the rate and reset functions were shut off, and the pro- 
portional band was narrowed progressively until it was just 
narrow enough to produce a steady constant-amplitude cycling 
of the variable. The resulting period of eyeling P, and the corre- 
sponding proportional band (PB), necessary to produce steady 
eveling were noted. 

The process was then shut down and started up repeatedly, 
using many different controller settings. Usually, four or five 
different reset settings, covering most of the reset range of the 
controller, were tried. For each reset-rate setting, four or five 
different proportional-band settings were tried, again covering 
most of the band range of the controller. Then, for each individ- 
ual combination of reset rate and proportional band, the rate 
time was varied until a rate-time setting was found (if it could be 
found) which produced acceptable start-up performance. A 
start-up curve was considered acceptable if there was no appre- 
ciable overshoot (less than 1 per cent of full seale). 

It appeared that for some processes almost any reasonable com- 
bination of reset rate and proportional band produced good start- 
up, provided, of course, that the proper rate-time setting was 
chosen. 
dead time, only certain combinations of reset rates and band 
Processes having (oo 


For other processes, however, notably those containing 


settings provided acceptable start-up. 
much dead time could not be started up acceptably at all, no 
matter what combinations of controller settings were tried. The 
effect of dead time on start-up will be discussed later. 

Thus it is apparent that for many processes, a great number 
of different combinations of knob settings will produce equally 
good start-up. The problem is to find that combination of set- 


PROCESS PARAMETERS SHOWN IN FIG. 3 


— Measured 
P. 


tings which also results in optimum transient recovery after a 
process load disturbance. To this end, each combination of 
settings which produced acceptable start-up was tested also 
for transient performance. In order to make the results for 
different settings comparable, a standard load disturbance was 
applied. This consisted of switching the load resistor Re, Fig. 3, 
from a value of 0.15 megohm to 0.05 megohm until the pen had 
dropped exactly 1 per cent of full scale. The resistor was then 
switched back again to 0.15 megohm and the resulting transient 
allowed to die out.® 

The foregoing procedure was repeated for each process, and 
all combinations of settings giving acceptable start-up perform- 
ance were tabulated, together with the quality of the transient 
performance for each of the settings. Altogether, more than 600 
start-up trials were made, covering over 200 hours of recording 
time. 


Process PARAMETERS 


The data obtained were tabulated, as described, and then 
carefully examined in order to derive a simple formula which 
would yield the optimum controller settings. Such a formula, 
if it is to be practical and applicable in the field, must be based 
on process parameters that are easily obtainable from the actual 
process. The ultimate natural process period P, and the criti- 
cal or ultimate proportional band (PB), are two such parameters, 
and have been used successfully in connection with the method, 
described by Ziegler and Nichols (6), which gives controller 
settings for optimum response to load disturbances. The same 
two parameters also can be used to characterize the process for 
the purpose of finding the optimum start-up settings. The 
experimental determination of these two parameters from an 
actual installation is usually not dificult. The ultimate period 
P,, is found by letting the controlled variable line out at the set 
point, shutting off all reset and rate action, thereby placing the 
process on proportional control only, and then narrowing the 
proportional band until a small disturbance will result in steady 
continuous cycling of the controlled variable. The band at that 
point is defined as the critical or ultimate proportional band (PB), 
while the period of eyeling is P,,. 

It also would have been possible to use the process-lag and 
process-reaction rate measured from the process-reaction curve 
(response of process to a step input change) as the two param- 
eters. However, the lag is usually so small that it becomes 
impossible to measure it accurately from the chart record unless 
a very large step change is used to obtain the process-reaction 
Such a large step change very often cannot be tolerated 
in an actual installation. In contrast, the amplitude of the steady 
cycling car. be made very smal] merely by using a amall enough 
load disturbance to induce the eyeling. Accurate measurement 


curve. 


5 The length of time required for the pen to drop exactly 1 per 
cent of full seale is very short, and, therefore, is not a function of 
the controller settings, but depends only on the process parameters. 
Thus, for any given process, the load disturbances applied were 


identical for all controller settings. ; 


I 0 0.1 0.1 1 100 200 100 50 16 
1A . 80 0.1 0.1 1 100 200 100 180 3.6 
IB . Ww 0.1 0.1 1 100 200 100 90 4.8 4 
Ic 2.3 01 0.1 1 100 200 100 61 14 
II 0 0.1 9.1 300 300 0 42 100 
=> IV 0 0.1 0.1 1 300 600 300 138 20 A > 
s 1 IVA 30 0.1 0.1 1 300 600 300 200 5 
IVB 10 0.1 0.1 l 300 600 300 170 15 7 & 
VI 0 0.1 0.1 1 100 200 1000 156 >100 
0.1 0.1 3.0 100 200 1000 540 50 : 
Nore: Py and Ky are period and gain, respectively, for steady cycling. 

<a process | Wl 
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cycling is made small.® 
CONTROLLER SETTINGS 


~The formula giving the optimum controller settings that 
was finally derived from the tabulated data is as follows: 


Reset rate = 3.0/P, 
Proportional band = (PB), & 4 
Rate time P,/2 


where 7’, and the rate time are given in minutes, while the reset 
rate is in repeats per minute, 

The last equation, which gives the rate-time adjustment, 
bears some explanation. The exact adjustment of the rate time 
is often very critical if the best possible start-up performance is 
desired, This is illustrated in Fig. 5. Uf insufficient rate action 
is used, then the controlled variable will overshoot the set point, as 
shown in Fig, 5(a). Too large a rate time will prevent overshoot- 
ing, but will slow down the start-up process so that an excessive 
amount of time will be required for the variable to reach the set point. 
This is illustrated in Fig. 5(6). The optimum rate time will 
produce the start-up curve shown in Fig. 5(¢). 


5a Sc 


OPTIMUM 
RATE TIME 


EXCESSIVE 
RATE TIME 


INSUFFICIENT 
RATE TIME 
Rare-Time ApsustTMeNT ON Stant-Ue Per- 
PORMANCE 


hia. 5 Evrner or 


It is difficult to specify the exact value of rate time that should 
be used. Usually, the settings given by the formula will be 
found to produce acceptable start-up performance. The for- 
mula fixes the values of reset rate and proportional band which 
should be used, and gives at least a first approximation as to 
what the rate time should be. Then, to obtain the best possible 
start-up curve, it usually will be necessary merely to readjust the 
rate-time setting slightly, as indicated in Fig. 5. 

At this point it might be mentioned that quite a 
of different criteria have been proposed at various times to define 
Actually, the majority of reasona- 


number 


“optimum control response.’ 
ble criteria will result in controller settings that are not too 
drastically different from each other. For most processes there 
are numerous different combinations of controller settings produc- 
ing good start-up, but each combination will result in a different 
response to load disturbances. While the use of the formula 
just given does not guarantee the absolute optimum response to 
load disturbances for every single process, it always will produce 
a response that comes reasonably close to satisfying the majority 


of the various response criteria. 
Test AND EVALUATION oF New FormMuLa 


After the formula had been derived, it was tested on the elec- 
tric process analog, using many different processes, and pneu- 


* An approximate formula showing the relation between these two 
sets of parameters was given by Ziegler and Nichols (6) and is as 
follows 

Process lag 
Unit process reaction rate = 8/(2?y)( Ku) 


where A, is the ultimate gain and is equal to 100/(PB), 
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matic controllers of three different manufacturers. (It should 
be stated here that the forraula, of course, is applicable only to 
controllers having the general circuit configuration shown in Fig 
1, although it does not matter whether the error is measured 
after the rate unit, as shown, or ahead of it.) In all cases, the 
formula was found to give excellent results with respect both to 
start-up and transient recovery after load disturbances. 

Typical chart records obtained for three different processes 
are reproduced in Fig. 6. For each process, the first response 
curve shown is the transient recovery produced when the con- 
troller was adjusted according to the Ziegler-Nichols equation, 
with the standard load disturbance previously deseribed applied 
to the process. The second curve for each process shows the 
start-up performance using the controller settings given by the 
new formula presented here. As can be seen, the start-up per- 
formance is already fair, but some overshooting still occurs. 
Accordingly, the rate time was increased slightly, resulting in the 
third curve, which shows the optimum start-up obtainable. 
The standard load disturbance was then applied again to find 
the transient recovery to load disturbances which results when 
using the optimum start-up settings. 

As can be seen in Fig. 6, the response to load disturbances 
using the new formula was in all cases, by any reasonable crite- 
rion, a significant improvement. This would seem to indicate that 
even for continuous processes, where automatic start-up is not re- 
quired, the new formula will give better results. 

The reason for this improvement is perhaps as follows: The 
Ziegler-Nichols equations were derived for use with a specific 
pneumatic controller which has the rate and reset restrictions in 
parallel in the follow-up circuit. Owing to the peculiarities of 
this circuit configuration, this type of controller becomes unstable 
if the product #7 (product of reset rate and rate time) approaches 
unity. In faet, at R7’ = 1, the controller gain theoretically 
becomes infinite. Thus the Ziegler-Nichols equations of neces- 
sity must specify controller settings such that the product RT is 
kept well below unity, namely, equal to 0.25, even though a higher 
value otherwise might be more desirable. With the new type 
of controller configuration shown in Fig. 1, the need for keep- 
ing RT well below unity does not exist any more. Accordingly, 
the new formula makes R7’ = 1.50, resulting in improved con- 
troller response to load disturbances, in addition to automatic 
start-up without overshooting. 


MomENTARY VERSUS SUSTAINED LOAD CHANGES 


When speaking about optimum transient recovery after a 
load disturbance, one really should specify whether momentary 
(pulse) or sustained (step) load disturbances are meant. A 
controller adjusted for optimum response to momentary load 
changes (where reset action is not required) will have a low 
reset rate and, if a sustained load change is then applied, the 
controller action will be sluggish and it will require too long a 
time to bring the variable back to the set point. If, however, 
the reset rate is increased so that the response to sustained load 
changes is optimum, then the reset rate will be too high for mo- 
mentary load disturbances, resulting in large overshoots. This 
is illustrated in Fig. 7. 

It would be desirable to find a formula which would provide 
optimum start-up settings, and, at the same time, optimum 
response both to momentary and sustained load changes. Ob- 
viously, this is an impossibility, and, somewhere along the line, 
a compromise has to be made. The new formula represents 
such a compromise. It will provide optimum start-up settings as 
well as closeto optimum response to momentary load disturbances. 
However, the response to sustained load changes may tend to be 
somewhat sluggish, as shown in Fig. 7. 

If, in certain applications, the response to sustained load 
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changes is more important, then the use of the following modified 
formula is suggested: 
Reset rate = 4.0/P, (instead of 3.0/P,) 
Proportional band = (PB), & 5 [instead of (PB), x 4] 
Rate time & P,/2 (as before) 

This modified formula will result in a faster response to sus- 
tained, load changes. However, for many difficult processes 
the resulting start-up performance and the response to momen- 
tary load changes might suffer somewhat. 


or Dreap Time on Srart-Up PerrorMANnce 


As already mentioned, if more than a certain amount of dead 
time is introduced into a process, it becomes impossible to achieve 


START UP 

NEW 

FIRST RATE SETTING 
(T= 1.1 MIN.) 
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automatic start-up without overshooting. To show that such 
a limit on dead time must exist, let us consider an extreme exam- 
ple: A process with dead time equal to, or greater than, the time 
that would be required for the controlled variable to reach the 
set point if the control valve were kept completely open. As 
this process is started up, controller action cannot go into effect 
until the dead time has passed. But, by that time, the varia- 
ble already has reached the set point, and overshooting ob- 


viously cannot be prevented, 


SUSTAINED (STEP) 
LOAD CHANGE 


6 


MOMENTARY (PULSE) 
LOAD CHANGE 


"4 


we 
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Apparently, the amount of dead time that can be tolerated for 
automatic start-up is a function of the reaction rate of the proe- 
The slower the process, the larger is the allowable dead 

From the analog tests made, the following suggested 


CSS. 
time. 
rule of thumb has been derived: 

“With the process on manual control, introduce a step change 
in valve position, and record the resulting process reaction 
Draw a tangent to the curve at the point of 
Let ty signify the time required for this tangent 
(For a single- 


curve, Fig. 8. 
steepest slope 
to reach the final value of the controlled variable. 
capacity process, this will be equal to the process time constant. ) 
Now, if the process dead time is greater than 0.1 tp, then auto- 
matic start-up without overshooting will be difficult, if not 


impossible.”’ 
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TRANSACTIONS OF THE ASME 


TABLE 2 EFFECT OF 


Process I 


DEAD TIME 


Ic 


ON START-UP PERFORMANCE 
IB 1A IV B 


0 2.3 10 30 10 
100 100 100 100 300 


0 0.02 01 0.3 


Good 


IVA 
30 
300 


0.03 


Good 


Dead time, sec 
tp, sec 
Dead time 


tr 
Quality of start-up Good Poor Impossible Good Poor 


4 “An Improved Pneumatic Control System,” 
ridge, Trans. ASME, vol. 73, 1951, pp. 297-305. 


5 “Electrical Analogy Method for Fundamental Investigations 


by R. E. Clar- 


PROCESS 
VARIAGLE 


Time 


hia. 8 Process Reaction Curve 


It must be emphasized that the foregoing rule is only approxi- 
mate, and has not yet been substantiated by sufficient experi- 
mental evidence. However, the purpose of this rule of thumb 
will have been fulfilled if it can serve as a rough guide to process 
designers and indicate to them whether the processes on their 
drawing boards stand a fair chance of being started-up auto- 
matically without producing overshoot. 

Table 2 shows the correspondence between the rule given and 
the results obtained for several processes on the electric process 


— 


lor some processes, a great number of different combinations 
of controller settings will produce acceptable automatic start- 
up performance without overshooting. For other ‘processes, 
notably those containing a large amount of dead time, the usable 
combinations of controller settings may be more difficult to find. 
This paper presents a formula giving the proper controller set- 
tings as functions of the ultimate natural period and the ulti- 
mate proportional band of the process-control loop. 

The formula fixes the values of reset rate and proportional 
band which should be used, and gives the approximate value 
The control- 
ler settings specified by the formula produce not only good start- 


of the rate time to be used as a first approximation, 


up performance, but also provide close to optimum recovery 


from process load disturbances. Therefore the use of the for- 
mula is recommended even in the case of continuous processes 
where automatic start-up is not required. In discussing opti- 
mum controller response, a distinction has been made in this 
paper between the response to momentary and to sustained load 
changes. 

Finally, the paper has discussed the effect of dead time on 
start-up performance, and has suggested a rule of thumb giving 
an indication of the maximum amount of dead time tolerable on 


automatic start-up. 
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Discussion 


N. B. Nicuons.’ 
author's formula indicates, the optimum proportional band is ap- 


teferring to the effect of dead time as the 


proximately 4 times the ultimate proportional band or 


100 
(PB)on = 4(PB), = i( 


1) = 200 RL 


where 7; is the unit process reaction rate in per cent pen travel 
per minute per per cent valve travel, and L is the process lag in 
minutes. J; and L may be computed from the ultimate period 
and ultimate proportional band as indicated in the paper or from 
a knowledge of the process. 

Assuming for the moment that the pen is considerably below 
the set point, we may represent the general start-up conditions in 


Fig. Yof this discussion. It will be seen that the rate stage output 


t 
=200R,L 


| 
SET POINT a 


—PEN 50% LOAD 
RATE 
STAGE 


OUTPUTS PEN ZERO LOAD 


Srart-Up Unper Zero Loap 


leads the pen or measured variable by the rate time which has 
been set at the author’s optimum value of P,/2 or 2L.. Depend- 
ing on the process load (the controller output required to hold the 
measured variable constant) the pen will approach the set point 
at different rates. The maximum rate would be for zero load and 
would be equal to 100 R). 
50 
reaches the set point of the reset stage. 


A 50 per cent load would reduce this to 
Control action will start when the rate stage output 
It is then evident that the 
earliest possible control action will result only if the initial value of 
the measured variable is below the set point by at least the width 
of the proportional band if start-up takes place with zero load or 
one half the proportional band if start-up takes place at 50 per 
cent load. 

The foregoing would indicate that satisfactory performance on 
start-up requires that a sufficiently wide span of the measuring 
element and the rate unit should be used to permit the rate unit to 
come into operation by at least 2L. before the pen reaches the set 
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PESSEN 
point. The amount of span below the set point will depend on 
the excess capacity of the valve but the largest value required 
should be 200 RL or 4(PB)y. 

The results seem to be partially proved by the author's data 
showing poor start-up in processes 1A, 1B, and 4A all of which 
have proportional bands greater than 20 per cent. Good start-up 
performance should be obtained on these processes with lower 
initial values of the measured variable. 

Commenting on the location of the error-measuring element, 
it would, of course, be advantageous for it to precede the rate 
element in cases where the set point is varied by another controller 
in a cascade-contro! system. 

It might be pointed out that optimum response to load changes 
will depend also on where the load change enters the system and 
that higher reset rates will give better performance when the load 
change enters near tha valve end. The derivation of the Ziegler- 
Nichols relations was based on a sustained load change entering 
at the same place as the valve which would correspond to a volt- 
age change in series with the dead-time element in the analog. 


AvuTHor’s CLOSURE 


The author welcomes Mr. Nichols’ comments concerning the 
effect of dead time on start-up performance. As was stated in 
the paper, the suggested rule of thumb to determine the maximum 
amount of dead time tolerable was not meant to be a final answer. 
Any analysis which helps to place this phase of the problem into 
a more rational light is therefore welcome. 

The data presented in Table 2 were obtained with the set point 
at 50 per cent of full scale. If the set point is higher than this, 
then, as Mr. Nichols points out, overshooting can be prevented 
even though the dead time is larger than specified by the sug- 
gested rule of thumb. Mr. Nichols’ suggested criterion seems to 
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START-UP 


be valid as long as the approximate relations given in footnote 6 
of the paper can be said to apply. 

Mr. Nichols’ statement concerning the location of the error- 
measuring element is not necessarily true. 
control system might be one where the output of a temperature 
In such an 


controller varies the set point of a flow controller 
application, the temperature or master controller would include 


rate action, but the flow or secondary controller would usually 
contain only the proportional and reset modes of control since 
rate action would not be very beneficial in the fast-responding 
flow-control loop. Thus, since only the master controller con- 
tains rate action, the location of the error-measuring element 
If, for some reason, the secondary controller is 
then it might actually be detri- 


is immaterial. 
also a three-mode controller, 
mental to have the error-measuring element precede the rate- 
action element because this produces rate-action response to set- 
point changes. Since we already have rate action in the master 
controller, this arrangement would, in effect, cause rate action to 
act twice in succession on the same signal. Such control action 
might cause instability unless both rate-time settings were care- 
fully and individually adjusted. 

Finally, the author would like to state that the tests described 
in the paper did not cover exothermic processes, processes with- 
out self-regulation, multiloop systems, or systems containing 
saturation effects caused by poor valve sizing, improper instru 
ment ranges, and soon. Some of these effects may make it dith- 
cult or even impossible to obtain automatic start-up without 
overshooting. Obviously, such cases cannot be covered by any 
general-purpose formula, but would have to be considered each 
on an individual basis. Future work along this line would seem 
to be called for to investigate the automatic start-up of processes 


subject to some of these effects. 
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Drives in Servomechanisms 


Analogies { for Hy 


By YAOHAN CHU! anv L. 


The paper demonstrates the analogy between the d-c 
electric and hydraulic drives, commonly used in servo- 
This analogy 
analogous basic relations, and their analogous methods 


mechanisms. is developed from their 


of speed control are then shown. The analogous dynamic 
behavior of such servomechanisms is shown both in the 
derivation of the respective electric and hydraulic circuits 
and in the block diagrams. One distinguishing non- 
analogous character is that there is no hydraulic analogy 
to the mutual flux of electric machines. Nevertheless, it 
is shown that analogous dynamic behavior of the servo- 
mechanism resulting from an advantageous flux com- 
pounding in the electric drive can be achieved by apply- 
ing certain pressure feedback in the hydraulic drive. 


INTRODUCTION 


Hk) analogy method in engineering is used to great ad- 
vantage in those causes where a body of knowledge has been 
built up in one particular field but not in another. 

finds identical mathematical descriptions of two superficially 

different physical systems, it is said that the systems are analo- 
gous. 
basis of its mathematical description, e.g., differential equations, 


If one 


Thus if one system has been studied thoroughly on the 


the analogous system is much more readily engineered by using the 
accumulated knowledge already available rather than by study- 
ing the same mathematies all over again. 

A more subtle use of the analogy method is from the educational 
By analogs, one is more easily led to perceive the 
basic This 
technique tends to introduce a degree of creative insight into the 


point of view, 
similarities of two superficially different systems. 


design and development of new devices based on an available 
body of knowledge in a field that, heretofore, is seemingly unre- 
lated to the one under consideration. 

Often analogy techniques may seein to lead to erroneous con- 
clusions. In cases of this sort, one should not always discard the 
analogy, but rather investigate the reasons for assuming analogous 
behavior in the first place. This type of investigation often leads 
to a better understanding of secondary effects that may have been 
neglected. The net result is to provide the engineer with a 
means for extending his understanding of the details of a system's 
performance. 

Direct-current generators and motors as well as positive-dis- 
placement hydraulic pumps and motors are widely used as drives 
servomechanisms. Their analogous nature has long been 
The fact that generators are analogous to pumps 

circuit 


in 
recognized. 
and d-c motors analogous to hydraulic motors is familiar. 
trical auxiliaries such as switches, capacitors, resistors, 
breakers, 


valves, 


are analogous to hydraulic auxiliaries such as 
like. However, the 


and On, 


accumulators, relief valves, and the 
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is limited by the fact that d-c machines are elec- 


tromechanical devices, whereas hydraulic machines are hydro- 
Since there is no hydraulic analogy to the 


analogy 


mechanical devices. 
mutual flux of electrical machines, one cannot develop a hy- 
draulic analogy to a machine like the amplidyne, 
the high power amplification that is characteristic of the ampli- 
dyne has been paralleled by the development of hydraulie units 
with a similarly high power amplification,? 

The knowledge of analogy between these two fields enables the 


Nevertheless, 


designer, familiar with performance in one field, to perceive simi- 
lar performance in the other field. In this paper the discussion 
shall be limited to those analogies related to closed-loop control 
mentioned at the 


systems. Nonansalogous instances will be 


appropriate places, 
ANALOGIES IN Baste ReLarions* 


If 


armature reaction, the electromotive force and torque relations 


the d-e¢ machines are idealized by ignoring saturation and 


as follows 
tie ¢a@- 

Eis generated emf for a generator and counter-emf for a 
T is torque, Newton-meter; @ is flux, volt-sec; N 
/, is armature current, amperes; 
K is « dimensionless constant, depending on design of machine. 

These two relations are equally valid for either a generator or a 
Theoretically, d-c 
generators may be used as motors and vice versa 

Similarly, 
idealized by ignoring slip flow, inlet-flow loss, and various friction 


may be written 
E = K@N.. 
T = K@l,.... 


where 
motor (volts); 


is speed of armature, rad /sec; is 


motor under the given idealized conditions. 
if the positive-displacement pumps and motors are 


losses, the flow and torque relations may be written as follows 
Q = DN 
T = DP 


wher 


Q is flow, cu m sec; 7 is torque (Newton-meter); 
D is displacement per radian of pump or motor, eum per radian; 
Newton-meter?; 


per 


P is pressure difference across pump or motor, 
N is speed of pump or motor, rad /see. 

These relations are valid for both positive-displacement pumps 
or motors under idealized conditions. Theoretically, pumps and 
motors are interchangeable. This is true for widely used units 
such as the radial type, axial type, vane type, and so on. 

From the foregoing four basic relations, we readily may identify 


the following analogous quantities: 


Hydraulic units 
{ Y (volumetric flow) 
(torque) 
4 N (speed) 
D (displacement) 
P (pressuve) 


D-C 
E (voltage) 
T (torque) 
N (speed) 
(flux) 

IT, (current) 


machines 


is analogous, respectively, to 


These are the fundamental analogous quantities upon which 


*At the Dynamic Analysis and Control Laboratory of the Massa- 
chusetts Institute of Technology 

? MKS units are used on account of simplicity in basic relations and 
using one set of units throughout the paper. 


x, 
f 
be 
= 
= 


further analogies are based. On the basis of intuition, one would ferential equations of the two systems. Thus, for the Ward- 
assume that if a current flowing through a wire is considered tobe Leonard system, the differential equation is derived from the | 
analogous to a fluid flowing through a pipe, current will be anal- armature circuit 


» 
ogous to flow and voltage drop to pressure drop. In the analogies Vol y J. 
used in this paper, however, voltage is analogous to flow and cur- age , Me armature , back emf : 


generated inductance resistance 


rent to pressure, It is important to realize that the analogies 
drop drop 


dealt with here are developed from the basie relations involved 
rather than from intuition. 


or, mathematically 
ANALOGIES IN Drives 


From the theory of d-c machinery, the speed of a d-c motor 
may be expressed as 
and 


where /, and 2, are armature current and resistance, respectively, 

#, the applied voltage, and other quantities are as indicated pre- 

viowsly. The basic methods of speed control are, therefore, varia- 

tion of the armature resistance, variation of flux, variation of 

applied voltage and their combinations. where 7’; is inertia torque, 7', load torque, and the subscript g 
The speed of a hydraulic motor may be expressed by the fol- refers to generator, m refers to motor, and a refers to armature. 

lowing relation Note that n,?/r, is equal to armature inductance L 
te : is number of turns and r, is magnetic reluctance in the armature 


4a, Where n, 
circuit, Note: Magnetic-circuit parameters are being used 
here instead of electric-circuit parameters to simplify the analysis 
of compounding later on.) 

For the hydraulie transmission, the differential equation is 
derived from the flow circuit 


where P is the pressure across the motor, M the leakage co- 
efficient, Q the supplied flow, and other quantities are as indi- 
cated previously. The basie methods of speed control are, there 
fore, variation of the leakage, variation of the motor displace- Pump flow = compressibility flow + leakage flow + motor flow 
ment, variation of supplied flow, and their combinations. The 

. 
Appendix demonstrates the analogies that exist between arma- or, mathematically 
ture-resistance variation and leakage variation, field-flux varia- 
B dt 


tion and motor-displacement variation, and the combinations, 0. = MP 
For continuous control systems the most important methods are 
the applied-voltage control in the electric case (Ward-Leonard sys- 
tem) and supplied-flow control in the hydraulic case (hydraulic 
transmission). The latter two systems are shown in Fig. 1. 


VARIABLE 
DISPLACEMENT 


PUMP 


Thus, for the analogy between the hydraulic transmission and the 
| aT Ward-Leonard system, two additional parameters can be added 
COMPRESSIBILITY FLOW 
to the list of analogous quantities as follows: 


CQUlVALENT 
Flow 


big. 


bic. 2) Broek Diagram ror Warp-Leonankp System 


hie. Warp-Leonarp System @ 


The Ward-Leonard system is smooth and versatile in control, 
despite the obvious disadvantage that three full-size machines are 
required. Its performance is analogous to that of the hydraulic 
transmission. This can be shown from the derivation of the dif- 


‘The product PM is the leakage flow. This is an approximate rela- 
tionship, but it is a practical and useful one. bia. 3) Brock DiaGram ror Hypravucic System 
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Ward-Leonard system 


Ra (armature resistance) 
Le (armature inductance) 


Hydraulic transmission 
(leakage coefficient) 
V /B (ratio of volume of oil under 
compression to bulk modulus of 
the oil) 


For further clarification of this analogy, the block diagrams for 
these two systems are shown in Figs. 2 and 3. 

Both these systems are quite efficient. In the steady state, they 
give motor speed directly proportional to control signal for no 
load. The maximum allowable torque load is limited only by 
the maximum allowable pressure across the motor in the hydraulic 
transmission and by the allowable dissipation associated with the 
Ward-Leonard 
compared to an equally rated hydraulic system, the electrical 


armature windings of the system. However, 
system is usually larger in size, heavier, and slower in dynamic 
response. The hydraulic system, however, is higher in cost at the 
present stage of development. Thus, as would be expected, in 
the final analysis the choice between the two basic types of con- 
trol systems depends mainly on the application. 

The effect of the source which drives the field of the electric 
generator or the stroke of the hydraulic pump (which varies the 
displacement of the pump) is an important consideration for con- 
trol applications. In the electric system, the field can be driven 
by an electronic amplifier characterized by either high or low- 
output impedance. The high-impedance amplifier acts like a 
current source producing field current proportional to the control 
signal. In this case the lag between the control signal and the 
field current If the amplifier has low-output 
impedance, it acts like a voltage source producing field voltage 


is negligible. 
proportional to the control signal, In this case there is an 
approximate first-order lag between the field voltage and the field 
eurrent. 

For the hydraulic system the stroke might be driven by a 
spring-restrained foree motor. If the spring constant of the 
restraining spring is high, the force motor acts like a position 
If the spring constant is low, the force motor acts like a 
force source, 


source, 
A position source is analogous to a current source, 
since both are characterized by negligible lag between the con- 
trol signal and the output signal (field current or stroke). A 
force source is analogous to a voltage source, since both introduce 
a first-order lag between control signal and output signal. 

The force motor usually is unable to drive the stroke of the 
pump directly because of its limited available torque, nor is a larger 
force 
Hence, in practice, the foree motor drives a hydraulic amplifier 


motor desirable because of its larger time constant, 


(which acts like a position source) which in turn drives the stroke. 
In such a case, theoretically, there will be two lags; one due to 
the hydraulic amplifier and the other due to the force motor 
which drives the hydraulie amplifier. One finds that the lag due 
to the hydraulie amplifier is usually negligible compared to the 
lag produced by the force motor. Thus, assuming the hydraulic 


amplifier is ideal (no dynamic lag), one obtains the same form of 


Tyee! Ths 


big. 4 ANALoGIEs IN Driving Sources 


(a, Source for driving electrical system 
tem 


6, Source for driving hydraulic sys- 


dynamics for the hydraulic system driven by the force motor as 
would be obtained for the electric system driven by a low-imped- 
ance amplifier (electronic ). 

In practice, one usually finds that the dynamic response be- 
tween control signal (input to the electronic amplifier or input to 
the foree motor) and the field current or stroke is characterized 
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by a first-order lag. Thus the two systems are dynamically 
analogous (having @pilar differential equations) with respect to 
driving source in the practical ease. Thus the block diagrams 
for the two cases may be drawn as shown in Fig. 4 in which the 
symbols are as follows: 


Laplacian operator 
control signal 


static sensitivity of displacement to control signal 


= 
= 
= static sensitivity of field flux to control signal 


time constant of lag in electrical system 
= time constant of lag in hydraulic system 


ANALOGIES IN COMPOUNDING OR FEEDBACK 


Compounding an electrical generator involves adding one or 
more additional windings to the field structure of the machine so 
as to improve the static and dynamic regulation of the system in 


the presence of loads. If saturation is neglected, the flux intro- 


duced by the additional field adds to the flux produced by the 


control winding. Hf the flux produced by the compounding 
winding is developed by the armature current (by placing the 
compounding winding in series with the armature circuit of the 
generator), the net result is armature-current feedback around 
If this feedback is positive, 


by proper adjustment of the compounding-winding parameters 


the armature circuit of the machine. 


an improvement in both the static and dynamic performance of 


the system is possible. Diagrammiatically, the compounded 
Ward-Leonard system is as shown in Fig. 5. 
In terms of magnetic-cireuit parameters, the following notation 


is used to draw the block diagram of the system: 


number of turns in control field winding 
= number of turns in compounding winding 

number of turns in armature winding 

reluetance of control flux path 

reluctance of compounding flux path 

reluctance of armature flux path 

control field resistance 


armature cireuit resistance 
open-circuit generator voltage per unit exciting flux =r 
= developed motor air-gap torque per unit armature current 
motor back emf per unit output speed 
motor and load inertia 
control field voltage 
control field current 
= armature current 
control field flux 
compounding flux 
= net exciting flux 
= load torque 
air-gap torque 
output speed 
s = Laplacian operator 


The functional block diagrams of the compounded and uncom- 
pounded Ward-Leonard systems are shown in Figs. 6 and 7. It 
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Warp-LEoNARD System 


SIMPLIFIED 


is to be noted that the conversion identities between electric-cir- 


cult and magnetie-circuit parameters are 


= (mutual inductance) 


The magnetic-circuit: parameters are more convenient to use in 
the case of compounding, not only because flux is analogous to the 
displacement of the hydraulic transmission, but also because 
the flux may be then added or subtracted in the analysis and thus 
simplify the drawing of block diagrams. 
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By proper adjustment of the parameters of the compounded 
system, one can theoretically achieve zero regulation in the 
presence of steady-state loads. To achieve zero steady-state 


regulation, the compounding winding is chosen so that 


Then the diagrams in Figs. 6 and 7 simplify to those of Figs. 8 
and 9. In terms of the original parameters of Figs. 6 and 7, the 
constants of Figs. 8 and 9 are 
K, 
A, R, 
R, 
= 
K,Ky 
K, Ky 
JR, 
Ky kK, 


Ky T 


K, 
+7, 4+¥, 


kK,’ 


Before examining the benefits achieved by the type of positive 
feedback described in the foregoing for the Ward-Leonard system, 
it would be logical to attempt to extend the analogy procedure by 
developing an analogous compounding scheme for the hydraulic 


transmission. In the case of the Ward-Leonard system, positive 
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Brock Diacram or UNcompouNbeED 
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Fig. 14 


feedback was accomplished by feeding back a signal proportional 
to armature current and adding the resultant signal to the control 
flux. armature current. is 
analogous to line pressure in the hydraulic transmission and flux 
Thus, to compound the hydraulic 


Using the analogous quantities, 


is analogous to displacement. 
transmission in a manner analogous to that used in the Ward- 
Leonard system, one would feed back a signal proportional to 
line pressure and add the resultant signal to the displacement. 
Practically, one would use a differential-pressure-to-displacement 
transducer linked by a lever system to the pump stroke. The 
scheme is shown in Fig. 10. Its block diagram is shown in Fig. 
11 in which A, is the static sensitivity between line pressure and 
the feedback motion, Ky is the static sensitivity between control 
signal and stroke, A, is the static sensitivity between stroke and 
The block diagram of the 
uncompounded hydraulic transmission appears in Fig. 12. 

If the compounding linkage is adjusted for zero steady-state 


displacement, and S is the stroke. 


regulation, then 


Then the diagrams in Figs. 11 and 12 simplify to those of Figs 
13 and 14. 

At this point, examination of the compounded Ward-Leonard 
system, Fig. 8, shows that the system is stable. This can be seen 
if it is noted that 7’, is greater than 7. Then the feedback loop 
shown in Fig. 8 is unity feedback around a double pole at the 
origin of the complex s-plane compensated by a phase-lead fune- 
This type of feedback loop is stable for all values of static- 
On the other hand, examination of the com- 


tion. 
loop sensitivity. 
pounded hydraulie transmission, Fig. 13, shows that the system 
is unstable. The feedback loop shown in Fig. 13 is unity feed- 
back around a double pole at the origin of the complex s-plane 
with no compensating function. This type of feedback ie un- 
stable for all values of stetic-loop gain. 

Thus in this case (system compounding by positive feedback ), 
the analogy seems to fail. Further examination of Figs. 6 and 11 
shows that the two svstems have a basie difference, namely, that 
there is no analogy in the hydraulic transmission for the mutual 
inductance of the electric system. This does not surprise one 
but is rather expected. (Recall a remark at the beginning of the 
paper to the effect that a “hydraulic amplidyne” cannot be con- 
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structed.) Thus a conclusion may be drawn that whenever use 
is made of this mutual inductance effect in electrical systems, no 
complete analogy may be drawn to the equivalent hydraulic 
system. 

A stable compounded hydraulic transmission ean be achieved, 
however, if the compounding scheme is modified slightly so that 
instead of pressure feedback to the stroke, one uses pressure feed- 
back to the control signal, The scheme is shown in Fig. 15 and 
its block diagram is shown in Fig. 16 where K,’ is the static sensi- 
tivity between line pressure and the feedback electrical signal. 

If the compounding arrangement of the modified system ts 
adjusted for zero steady-state regulation 


KN, 
M 
Then the diagram in Fig. 16 simplifies to that in Fig. 17. In 


terms of the original parameters of Fig. 16 the constants of Fig 
17 are 


K,K,N, 


IM (T, + T,) 
Since 7’, is greater than 7',, the system in Fig. 17 is stable for all 
values of static loop sensitivity. 
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If the simplified block diagrams of the two stable compounded 
systems, Figs. 8 and 17, are compared, it is seen that the systems 
are dynamically identical except for an additional numerator fac- 
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The time 
associated with this numerator is directly propor- 


tor in the first block of the electric system, Fig. 8. 
constant 7, 
tional to n, and inversely proportional to K,. In practice, the 
number of turns n, in the compounding field is small, and the 
voltage generated per unit flux Ay is large for the compounded 
Ward-Leonard 
negligible. 
namics of the two systems considered become identical in all 


Thus the time constant 7’, may be 
If this approximation is used, the dy- 


system. 


considered 


respects, 

The advantage of the compounding scheme used in this paper 
becomes evident when one examines the effect of torque disturb- 
ances on the system. To emphasize the effeet of load changes, 
Fig. 18 shows the form of the dynamic relationship between load- 
torque changes and output-speed changes for both stable com- 
pounded systems. 

examining the response function in Fig. 18, it is seen that fora 
steady load on the system, the output speed will be unaffected; 
i.e., the system exhibits zero steady-state error for constant load 
disturbances, However, as the frequency of the load-torque 
variations increases, these variations will produce errors in the 
output speed. Ata frequency determined by the parameters of 
the response function, a maximum output-speed error will be 
reached, and, above this frequency, the magnitude of the speed 
errors will decrease. This resonance phenomenon always ap- 
pears for any system which exhibits zero regulation for constant 
The dynamic errors that arise for varying loads can be 
Then the 


output speed will be essentially insensitive to any load varia- 


louds, 
made small if the static sensitivity A is made small. 
tions whatsvever, or, in the practical sense, the effect of load 
variations can be minimized over the whole frequency spectrum. 

If the uncompounded systems, Figs. 9 and 14, are examined, 
it is seen that the advantage of zero steady-state speed error with 
respect to constant load does not exist. By reduction of the 
static sensitivity relating output speed and load torque (slope of 
the statie torque versus speed characteristic for the system), the 
steady-state speed regulation may be reduced, but not to zero 
regulation as is possible in the compounded systems. 

In actuality, both the compounded and uncompounded sys- 
tems will have finite nonzero regulation due to the effects that 
However, for a given set of 
equipment, the compounded system will exhibit a “flatter’’ 
torque-speed characteristic than the uncompounded system; i.e., 
The compounded system, there- 


have been neglected in the analysis 


will have smaller regulation. 
fore, will tend to maintain a given position (for a positional servo- 
mechanism) or speed (for a speed regulator) with much smaller 
errors in the presence of constant load disturbances than the 
uncompounded system. 

In conclusion, although the analogy is not exactly established 
in the case of compounding (owing to the fact that the mutual 
inductance effect does not exist in hydraulic units), yet one can 
still develop a hydraulic system whose dynamic characteristics 
are, for all practical purposes, analogous to the corresponding 
electric system. Since the dynamic performance is a major 
factor in control-system design, this sort of result is a desirable 
extension of knowledge gained on one class of systems to another 


class, 
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CONCLUSION 
The analogy between the d-c electric and hydraulic drives 
commonly used in servomechanisms has been demonstrated in 


It is hoped 
that, by means of this analogy, any new development in one field 


their basic relations, in drives, and in compounding. 


would lead to a similar application in another such as the illus- 
trated case of flux compounding. 


Appendix 


ANALoatES IN Drives* 
Hydraulic 
Leakage controlled (Fig. 19) 
Constant-displacement pump 


(a) 


Constant-displacement motor 
MT, 


m 


M varies 
(Nore: M isa leakage coefficient including flow through valve 
as well as leakage past motor and pump) 
(b) Displacement controlled (Fig. 21) 
Constant-displacement pump 


MT, 


D,, varies 


(c) Displacement controlled (Fig. 23) 


_N,Dd, 


N., 
D 


m 
D, and D,, vary 


Electrical 
(a) Armature resistance controlled (Fig. 20) 
Constant generator-field current 
Constant motor-field current 
E, 


‘ » 
R, varies ai 


(Nore: R, is total armature resistance including that of 
generator, motor, and control rheostat) 


Flux controlled (Fig. 22) 


Constant generator field current 


(b) 


E, RTL 


N, = 


Varies 


(c) Flux controlled (Fig. 24) 


¢, and @,, vary 
(Nore: K,, generated voltage per unit generator-field flux 


K,,, back emf per unit motor-field flux ata given motor speed) 


* The hydraulic cases (a), (b), and (c) are analogous to the elec- 
trical cases (a), (b), and (c), respectively. 
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 Laminar-Flow Forced Convection in 
Rectangular Tubes 
S. HL CLARK! W. M. KAYS,* STANFORD, CALIF, 


The problem of laminar-flow heat transfer in tubes of 
rectangular and triangular cross section is considered. 
A numerical relaxation method is used to obtain minimum 
limiting Nusselt-number magnitudes to supplement the 
presently available data. Boundary conditions of both 
constant heat input per unit of length, and constant wall 
temperature are included. For the case of rectangular 
tubes sufficient points have been calculated so that inter- 
polation of the limiting Nusselt numbers for any aspect 
ratio can be accomplished. Experimental data are pre- 
sented for a square tube for both constant wall tempera- 
ture and constant heat input, and for a rectangular tube, 
aspect ratio 2.62, for constant wall temperature. These 
data, together with the limiting Nusselt-number theory, 
provide a rational basis for estimation of entrance-length 
effects for rectangular tubes, and result in a correlation 
in the form, Nwu o(NeNp-/(l/4r,)|, applicable to the 


design of gas-flow heat exchangers. 


4 . 
various cross sections has increased recently 


NOMENCLATURE 


The following nomenclature is used in the paper: - 
English Letter Symbols: 
A = total duct heat-transfer area, ft?  . 
A. = duct free-flow area, ft? 
a = length of short side of reetangular-duct cross section, ft 
6 = length of long side of rectangular-duct cross section, ft 
C = entrance length constant, defined by Equation [23] 
specific heat, Btu/Ib deg 
d = differential notation 
kh = unit heat-transfer conductance averaged with respect to 
peripheral area (Btu/hr ft® deg F) 
Aijccat = unit heat-transfer conductance at point on periphery 
(Btu/hr ft? deg F) 
k = thermal conductivity of flui br 
== ermal conductivity OF Mule ft 
l length of duct, or tube, ft oe 
P = pressure, #/ft? aa 
q = heat-transfer rate, Btu/hr 7 
rh tube hydraulie radius, A(J/A, ft 
t = temperature, deg F 
u = velocity of fluid in the z-direction, fps 
x = dimensional co-ordinate in direction of flow 
y,2 = dimensional co-ordinates forming with x an orthogonal 


system, and in plane perpendicular to direction of 
flow 


' Research Assistant and Graduate Student in Mechanical Engi- 
neering, Stanford University. 

? Assistant Professor of Mechanical Engineering, Stanford Uni- 
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Contributed by the Heat Transfer Division of Tue AMERICAN So- 
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(Since its presentation, this paper has been amplified in some parts.) 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
November 28, 1952. 
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Greek Letter Symbols 


A = prefix denoting difference 
= viscosity of fluid, lb/hr ft 
p = density, lb/ft® 
a@ = thermal diffusivity (k/pe), ft*/hr 
= functional relation 
Dimensionless Groupings 
Naw = Nusselt number (4r, h/k), a heat-transfer modulus 
= Prandtl number (ue/k), a fluid-properties modulus 
Nr = Reynolds number (4r,uo/p), a flow modulus 
u* = dimensionless velocity parameter (see Equation [11]) 
t* = dimensionless temperature parameter (see 
{13]) 
t’ = dimensionless temperature parameter (see Equation 
{21]) 
a* = aspect ratio of rectangle, (b/a) 


INTRODUCTION 


Technical interest in laminar-flow forced convection in ducts of 


as a result of the 


trend for many gas-flow applications, toward the use of more com- 


pact heat-transfer surfaces. These surfaces, because of the high— 


ratio of heat-transfer (and friction) area to core volume, have flow — 


passages of small dimensions, and the Reynolds-number design 


range may well extend into the laminar-flow region. 


Test results for 34 different compact surfaces have been pre-— 
sented in (1).* The data for tubular-ty pe surfaces, such as formed — 
by continuous fins ina plate-fin arrangement, in the laminar-flow — 


region indicate that the heat-transfer conductance is strongly 


dependent upon flow-passage geometry, and no simple method of - 


approximate correlation is possible, such as in the case for tur-— 


bulent flow. However, laminar flow does lend itself to straight-— 


forward analytical solution, at least for certain idealized cases, — 


and any analytical solutions are useful in reducing the test work 


required to complete the laminar-flow picture. Two solutions — 


which are useful for this purpose, from the work of Graetz (2), 
Leveque (3), and Nusselt (4), are summarized by Norris and 
Streid (5). Both solutions 
one for circular tubes, the other for flow between infinite parallel 


are 


for constant wall temperature, — 


planes (hereinafter called the “gap"’). The major idealizations 


are constant propertics and a fully developed velocity profile, but 


thermal boundary-laver entrance-length effects are taken into | 


consideration. 


Glaser (6) has presented additional solutions for circular tubes, 


gap, and square, based upon another boundary condition, con- 


stant heat input per unit of length, with idealizations of con-— 


stant properties, and both fully developed velocity and tempera- — 


ture profiles. The circular tube and gap solutions also were 
worked out by Norris and Streid (5) 
have thus been analyzed fairly completely, but for the other cross-_ 
While 


analysis of all possible variations of cross-section geometry en-— 


The circular tube and gap | 


section geometries this is not the case. a laminar-flow 


countered in plain plate-fin heat exchangers would be impractical, 


it is possible to approximate many by a rectangular cross section 
Thesolutions of Glaser, described in the foregoing, represent astart | 


§ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 7 


> 
— 


TRANSACTIONS OF THE ASME | 


in this direction, and indicate that the Nusselt number can vary 
as much as 100 per cent from the square to the gap, with an ap- 
parent 10 to 20 per cent difference in Nusselt number between the 
constant wall temperature and constant heat-input boundary 
conditions 

The constant-wall-temperature solutions for the circular tube 
and the gap (5) indicate that in laminar flow the mean Nusselt 
nusober is a strong function of tube length. However, as tube 
length is increased, or Reynolds number is decreased, Nusselt 
number decreases and approaches a minimum, corresponding to a 
fully established temperature profile. 
true for constant heat input, although the authors are aware of no 


The same also must be 


published solutions for this boundary condition which include 
entrance-length effects, Examination of the complexities of the 
Graetz solution for such a simple geometry as the circular tube 
(and this solution includes only the effects of thermal entrance 
length, not the hydrodynamic entrance length) indicates that to 
obtain complete solutions for rectangles or triangles where another 
co-ordinate must be included, would be a very difficult, if not 
impracticable task, However, the “minimum’’ Nusselt number 
for any geometry, and for both constant heat input and constant 
wall temperature, may be obtained quite readily upon the as- 
suinption of fully established velocity and temperature profiles. 
Such analytically determined minimum Nusselt numbers can then 
form a firm base upon which complete empirical solutions, inelud- 
ing the effects of entrance length, temperature-dependent fluid 
properties, natural convection, and so on, can be built with the aid 
of a relatively few experiments. 

Because of the current need for a more adequate design basis 
for compact plate-fin heat exchangers in the laminar-flow region, 
it thus appears worth while to obtain solutions in the manner indi- 
cated for flow in rectangular passages of any aspect ratio, to ob- 
tain at least one solution for a triangular cross section, and to per- 
form sufficient tests to support the validity of these solutions. To 
this end the objectives of this paper are as follows: 


1 To present laminar-flow limiting Nusselt-number solutions 
for rectangular cross sections of any aspect ratio for both con- 
stant heat input per unit of length and constant wall tempera- 
ture, 

2 To present the laminar-flow limiting Nusselt-number solu- 
tion for the equilateral triangle with constant heat input per unit 
of length 

3 To report on the currently available limited experimental 
verification of these solutions. 

4 To present a tentative empirical correlation, based partly on 
analysis and partly on experiment, for the laminar-flow Nusselt 
number in rectangular tubes of any aspect ratio, including the 
effects of entrance length 


IDEALIZATIONS FOR Minimum NusSELT-NUMBER 
ANALYSES 


To obtain solutions vielding the minimum limiting Nusselt 
number, the idealizations are: (a) Velocity and temperature pro- 
files are fully developed; (b) the fluid properties (p, ¢, wu, k) are 
constant; (¢) heat conduction in the direction of flow is negligi- 
ble: (d) conversion of mechanical to thermal energy due to fric- 
tion is negligible relative to the heat transfer; (e) natural con- 
vection effects are negligible. 

Idealizations (¢), (d), and (e) are believed to introduce negligible 
error for the compact heat-exchanger applications under con- 
sideration. The effect of idealization (b) is the subject of a 
separate investigation, although some material is now available 
(7). Idealization (a) is perhaps not properly an idealization in 
that it provides the major basis for the existence of a minimum 
limiting Nusselt number. 


The minimum Nusselt numbers for constant heat input were 
obtained directly for the gap and circular tube by Glaser (6). 
His procedure required all of the foregoing idealizations except. 
that (a) was stated in a different form with respect to the tem- 
perature profile. Glaser specified the physically intuitive fact 
that of/oOz is constant with respect to both flow length and cross- 
section position, which is fully equivalent to the specification of a 
fully developed temperature profile. Jakob and Rees (12) em- 
ployed the same specification. Applicable to any boundary con- 
dition for fully developed temperature profile is a convenient 
generalized temperature distribution introduced by Seban (8), 
who analyzed fully developed turbulent flow in a pipe with con- 
stant wall temperature. This generalized temperature distribu- 
tion, invariant in the direction of flow, is expressed in the form 


(1 
(1) 


It will be demonstrated that for constant heat input, Equation 
[1] is consistent with the constancy of 0¢/0r, while for constant 
wall temperature a different but useful relation is obtained for 
ot/dz, both relations being applicable to laminar as well as tur- 
bulent flow. 

By carrying through the indicated differentiation of Equation 
[1], noting that ¢, and ¢,, are funetions of x only, the following is 


obtained 
(ty — (* 
t,,) \dx 


u m 


This equation may be rearranged to 

dt, dt,, 1 dt, 1 13] 

(ty —-tm) Ldx (t,—t)dzr 

The left-hand side of the equation is a function of x alone, whereas 
the two terms on the right are functions of both z and cross- 
section position. Since for the case of constant heat input neither 
of these terms is equal to zero, 0¢/02 must equal dt,,/dr in order to 
cancel the dependence upon cross-section position. Thus the 
left side becomes equal to zero, and it can be shown directly by 
an energy balance that dt,,/dz is a constant. It then follows, for 
this boundary condition, that 


= const 


In contrast, for the constant wall-temperature boundary con- 
dition dt,,/dc = 0, and Equation [2] reduces directly to 
t) dt,, 
or é t,,) dx 


or (te 


Note that for this boundary condition dt,,/dz does vary with zr, 
unlike the constant heat-input boundary condition. 
DIFFERENTIAL EQUATIONS AND SOLUTIONS 

From a consideration of the pressure and viscous forces on an 
element dz dy dz in the direction of flow, one may deduce the hy- 
drodynamiec differential equation, consistent with the foregoing 
idealizations, as 
1 dP 


ou 4 
diy? 


Here P is assumed to be constant over the cross section and 
dP /dx is constant in the direction of flow for fully developed con- 


ditions. 


9 

lt — 


CLARK, KAYS -LAMINAR-FLOW FORCED CONVECTION IN 
+ 


The thermal differential equation, derived by equating an 
energy-balance and rate equation on the same element is 

on? 


For the constant heat-input case, 0¢/0. is constant from Equa- 
tion [4], and Equation [7] becomes 


oy? 


Oz? 


u dt 
= P(u).. 


Qa Or 


For the constant wall-temperature case, substituting for Of Ov 
from Equation 


oy? 


4, 


dt,, 


-t,, dz 


Constant Heat Input. A general solution of Equation [6) is 
available in the form of an infinite series, determined for the 
analogous differential equations for torsion in a rectangular shaft 
(9). 


and [9], a finite-difference approach, as employed by Glaser, using 


Since there is no known general solution to Equations [8] 


the relaxation technique, was adopted for these as well as Mqua- 
tion [6]. Then the analytical solution for Equation [6] was used 
to determine the accuracy of the approximate results for the 
velocity distribution, and to give some indication of the accuracy 
which may be expected from the relaxation solutions of Equations 
{8} and [9]. 

In finite-difference form, Equation [6] becomes 


a 


Uma-t + 


(Az)? 


(Ay 2 


For every aspect ratio a@* considered, the net was selected so 
that Ay Az a/10, where a is the length of the short side. 
Substituting for (Ay)? and (A: 
velocity function 


and introducing « dimensionless 


RECTANGULAR TUBES 
“ 


dr 
equation [10] becomes 


[12] 
With the same 
defined by 


net and a dimensionless temperature function 


at dP ot 
a dr Or 


Equation {8} may be written in similar form for the other working 
equation which must be satisfied at every interior point of the net, 
as follows 


= 0 


Fig. | shows the relaxed net for a* = 2 (only one quarter of the- 
cross section is considered due to symmetry) with final values of. 
t* & 10° and the remainders, in parentheses. This net is pre-_ 
sented here to illustrate the convergence of the procedure which 
ean be realized, in this application at least, with approximately 
five relaxation steps. 


For the case of the square, a* 1, the temperature distribu- 
tion is described in Fig. 2 for later comparison with the result for 
constant wall temperature. 

In extracting the Nusselt number, it is necessary to determine 
the mean velocity and mixed mean temperature (the “cup” mix- 


ing temperature is used), defined in dimensionless form by 


SS, 
i*dy dz 


[15] 


| 


ye 


621 


-4) ‘o) 
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fo) vo) 
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36! 


+) fea ‘o/ 
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a 
) 
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& te 
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hia. 2) Temrerarure Prorices In A SQUARE TuBE, a* = 1, Boru 
Constant Heat Ineur anp Constant TEMPERATURE 


The integrals were evaluated by means of a two-dimensional 
extension of Simpson’s rule, employing the ¢* and u* results ob- 
tained in the foregoing by relaxation. 

The rate equation applying to the wall area associated with a 
differential flow length dx, defining the mean wall-to-fluid con- 
ductance at a cross section, is 

dq = hAt,dA = h(t, t,,JdA 


An energy balance on a tube section of length dx yields 
aq = u.AC ar 
7 Pum 


Therefore the Nusselt number is 


(4r,)? u,,* 


At,,* 


Nuy = Mars) = 


k at [19] 


Another method of evaluating the Nusselt number, which has 
been employed, is to evaluate the local heat-transfer conductance 
around the wall periphery from the temperature gradients at the 


k 
At, \Ou J watt 


Thus the temperature derivatives at the wall conveniently pro- 
vide the local heat-transfer coefficient for every point on the eross- 
section periphery, and these may be everaged over the periphery 
to get the mean A entering into the Nusselt number. However, 
this method introduces greater error in’ determining Nusselt 


wall 


number than the procedure adopted here 

The solutions for aspect ratios of 1.0, 1.4, 2.0, 3.0, and 4.0 have 
been obtained. These results are presented in Table 1, and Fig. 
3 shows the resulting curve of Nuy versus 1 /a* based upon these 
results, 

A beginning on triangular passages also has been made, using 
the foregoing method, except that a triangular net is used in place 
of the square net for the relaxation solutions. On this basis 
Nu, = 3.00 for the equilateral triangle. 

Constant Wall Temperature. For constant properties the fully 
developed velocity distribution will not be influenced by the ther- 
mal boundary condition, and the solution of Equation [6] dis- 
cussed in the last section will therefore also apply to the constant- 


wall-temperature case. 
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TABLE 1 LAMINAR-FLOW MINIMUM’ LIMITING NUSSELT 


NUMBERS 
Nuy 
364 (5)2 
00 


{ Cireular tubes 658 (5) 
Equilateral triangles. 
Rectangles 


a* 1.00 (square) 
40 


2.00 39 
3.00 
4.00 


@ (gap).... 


Jumbers in parentheses refer to the Bibliography 


T 


CONSTANT HEAT 


CONSTANT 
WALL TEMPERATURE 


02 03 O04 O6 OF OB 10 


Minimum Limitinc Nusse_.t NUMBERS FOR RECTANGULAR 
ror Constant Heat Input anp Constant Watt Tem- 
PERATURE 


hia. 3 
TUBES 


Equation [9], the thermal differential equation, may be written 
in the finite difference form which follows, using the same net, 


and introducing on the right side the factor (t, t)/(ty to) 


tin + bm+ion tm t tm nei n 
a‘ dP dt,, ty t t 
= 0.01 u* 
audr dx \t, to 
Note that the only factors on the right-hand side of Mquation 
[20] which vary over the cross section are u* and (1, t)/ 
(t,t). A dimensionless temperature ¢’ is introduced for con- 


venience in handling the equation 


[20] 


at dP dt, (* 
t 


w 


' = 
apdr dr 


and Mquation [20] becomes 


bo 
+ [22] 


Equation [22] is in a form which may be handled by the relaxa- 
tion technique. The temperature distribution for the previously 
obtained constant-heat-input solution was used as the first ap- 
proximation, and two or three steps from this start resulted in 
adequate convergence. The resulting temperature distribution 
for the square is giver. in Fig. 2 for contrast with the constant- 


len + + min 1 


heat-input result obtained previously. 

quations [17] and [18] are independent of the boundary con- 
ditions and may be used again for this case to determine Nusselt 
number. This yields, in a manner similar to Equation [19], for 
constant wall temperature 


(4r,)? uy * 


Nur = 
4a? 


‘i 
= 
& 
12 +—t t 12 
| | | 
08 08 + fy — 90 — ngs 
/ | | on 
: 
20}-—-+ 
| | 
io + +— 4 
| 
; 
= 
| 
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Equations [19] and [23] differ only in the terms Af,,* and At)’. 
By substituting for At,,* from Equation [13] and for At’ from 
Equation [21], it can be shown that both Nusselt numbers vary 
inversely as t,,). 

Evaluation of the constant-wall-temperature Nusselt number in 
this manner has been obtained for the square (@* = 1), and for a 
rectangular cross section (@ = 2). In addition, Nu, for the gap 
is available from the Graetz solution. The difference between 
Nuy and Nu, for a* = 1,2, and © is constant within 15 per cent, 
and a graph of (Nuy Nur) versus 1/a* provides a reasonably 
accurate interpolation for Nu, for any aspect ratio, The curve of 
Nu, versus 1/a*, Fig. 3, is bused upon this procedure. 

Accuracy of Solutions. Comparison of the velocity distribution 
(on a spot-check basis) and the mean velocity from the solutions 
described in the foregoing with those from the infinite-series form 
of solutions, worked out to an accuracy of four significant figures, 
indicates no more than 0.5 per cent deviation from the latter in 
every case. There is no direct check on the results for tempera- 
ture distribution and mean temperature but, on the basis of the 
results given, it is estimated that both are accurate to within | 
per cent. Since magnitudes of mean velocity from the infinite 
series solution were used in the evaluation of Nusselt number, it 
depends upon the accuracy of the mean temperatures only, and 
hence the computed values of Nusselt number are believed to be 
within | per cent of the correct values. The method of determin- 
ing the Nusselt number for any aspect ratio, on which the curves 
in Fig. 3 are based, certainly yields results equally as accurate. 

The question of the applicability of the generalized tempera- 
ture assumed by Seban (8) and used here in the constant-wall- 
temperature solution for the square has been considered, and was 
tested by using it in the determination of the lower limiting Nusselt 
number for the gap with constant wall temperature for which the 
Graetz-series solution already exists. Nur = 7.60 was evaluated, 
which is the same as the asymptotic value of the Graetz solution, 


EXPERIMENTAL INVESTIGATION AND CORRELATIONS 


An experimental investigation with air at low velocities and 
low heat flux was initiated in conjunction with the foregoing 
laminar-flow analysis with two primary objectives: (a) To verify 
the analysis for the minimum limiting Nusselt number for certain 
representative cases; and (b) to determine the influence of ther- 
mal and hydrodynamic starting length on the mean Nusselt num- 
ber, for which no complete theory for reetangular tubes has been 
developed. 

For this investigation two aspect ratios were tested; one was 
the square, a* = 1.00, tested with both constant wall tempera- 
ture and constant heat input, the other a rectangle, @* = 2.62, 
tested with constant wall temperature only. Norris (5) already 
has indicated fairly good experimental confirmation for the con- 
stant-wall-temperature-gap (@* = © ) solution. 

All tests were performed in a test air duct deseribed in (10), 
employing in large part the instrumentation, methods, and proce- 
dures of that reference. Both test cores were of multiple-tube 
construetion and are shown in Figs. 4. and 5. The square tube core, 
Fig. 4, was built as a counterflow water-to-air heat exchanger 
so that either constant heat input or constant wall temperature 
could be approximated by varying the hot-water flow rate. Wall 
temperatures were measured directly by a number of thermo- 
couples embedded in the tube walls. The rectangular tube core, 
Fig. 5, was built into a crossflow heat exchanger, and condensing 
steam provided the essentially constant wall temperature. An 
insulated flow mixer and converger, followed by a single shielded 
thermocouple, was used to determine air-outlet temperature for 
the square tube core. The air-outlet temperature for the rectan- 
gular tube core was established by a 27-point thermocouple trav- 
erse, 


3 
3 & : 


Both test cores had abrupt contraction entrances. For the 
square tube core the ratio of tube length to hydraulic diameter 
(1/4r,) was 100. For the rectangular tube core the over-all 
1/4r, was 110. However, the fins forming the flow passages of 
this core were made from two separate sheets so that the fins were 
not continuous. It has thus been assumed that //4r, = 55, al 
though it will be shown later that the “effective” 1/4r, could 
possibly be greater than 55, though less than 110, because while 
the fins were discontinuous they were fairly well lined up. 

For all tests Nusselt number was evaluated on the basis of the 
logarithmic-mean temperature difference for the two reasons that 
this definition is the one most commonly employed for design, 
and a mean Nusselt number defined in this manner approaches 


(1/44)*100 
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the local Nusselt number, i.e., the minimum limiting Nusselt 
number as tube length is increased or Reynolds number is de- 
creased, 

While only laminar-flow test data will be considered here, it 
should be added that laminar, transition, and turbulent-flow 
data were obtained in these tests. For both cores a very decided 
transition from laminar to turbulent flow took place starting at 
about Nr = 2509, so there is no uncertainty as to whether true 
laminar flow was obtained. 

The basic test results are plotted in Figs. 6and 7. Fig. 6 shows 
Nusselt number plotted as a funetion of Reynolds number for the 
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square tube core for both constant heat input (circles) and con- 
Fig. 7 is « similar plot for the 
rectangular tube core, @* = 2.62, for constant wall temperature 
only. Superimposed for all three series of tests are the applicable 


stant wall temperature (crosses). 


minimum limiting Nusselt numbers evaluated in the foregoing. 

Verification of Limiting Nusselt-Number Analysis. From Fig. 6 
it is quite apparent that the difference between constant wall tem- 
perature and constant heat input is real, and the maximum dif- 
ference occurs in the limit (Nr — 0). For all three tests Nusselt 
number decreases with Reynolds number, apparently approach- 
ing the minimum limiting Nusselt numbers, which trend is con- 
sistent with the Graetz solution for the circular tube. 

For all of these data, with the exception of the two lowest 
Reynolds-number test points for a* = 2.62, the experimental un- 
certainty is estimated as approximately +5 per cent. For these 
two points the uncertainty may be as much as 10 per cent with the 
probability that the points lie low. This is due to the fact that in 
these cuses the heat exchanger was operating at an effectiveness 
greater than 95 per cent, i.e., a 5 per cent approach of the exit air 
to the wall temperature, and the magnitude of conductance 
evaluated becomes sensitive to small air-outlet temperature- 
meusurement errors, 

The fact that the test points clearly approach the minimum 
Nusselt numbers in the limit can best be demonstrated by 
another type of plot, which also serves to indicate a simple em- 
pirical method of representing entrance-length effects. The more 
complete solutions for the circular and gap cross sections (5) in- 
dicate that the results can be represented in the form 

Nice 
(l/4r,) 

The nondimensional group on the right-hand side is the Graetz 
number (167,2G ¢/kl) but it is desired here to maintain the 
Reynolds number, Prandt] number, and tube-length ratio as 
It is when Reynolds number becomes very 
small, or l/4r, becomes very large, that Graetz number be- 
comes small and Nusselt number then approaches its minimum 
limit. It is thus apparent that a plot of Nwu/Nwu. as a function 
of Graetz number must yield a curve that starts at the origin of 
the co-ordinates shown in Fig. 8. 

The experimental results for the three tests are plotted in 
Fig. 8, employing for Nwu,, the data in Fig. 3. The trend of the 
data toward the analytically evaluated minimum Nusselt num- 
bers is quite apparent, especially for the case of the square with 
constant heat input where it was possible to get to Reynolds 
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numbers as low as 500. The results for the a* = 2.62 rectangle 
are the least convincing in this respect, but experimental uncer- 
tainty in these data due to the effect of temperature-measurement 
errors has been mentioned previously for the two lowest Reynolds- 
number test points. There also is uncertainty as to the effective 
1/4r, for this surface, but this will affect only the relative position 
of the test points, not their tendency to converge on the origin. 

Correlation of Entrance-Length Effects. If the analytical solu- 
tions for the circle and gap, as presented by Norris and Streid (5), 
are plotted in the form of Fig. 8, it will be found that for NrNer/ 
(1/4r,) less than about 60 a straight-line representation in all 
cases will be within 2 per cent of the given relation. Such a 
straight-line representation for the gap is shown in Fig. 8. The 
range 0-60 actually is the only portion of real interest in the de- 
sign of heat exchangers using gases, for with an upper limit on the 
Reynolds number for laminar flow of about 2000 and with a 
Prandtl number of about 0.7, any //4r, greater than 23 falls 
within this range. This does not apply, of course, for high 
Prandtl-number fluids, 

In Fig. 8 straight lines have been drawn through the data 
points for the three series of tests. The square-tube data lie re- 
markably close to a straight line, and even for a* = 2.62 the 
maximum departure is only 5 per cent, and this for two test 
points that are somewhat suspect in terms of experimental 
accuracy. Close correspondence is more evident when these lines 
are replotted in Figs. 6 and 7 as dashed lines. 

The straight-line relationship allows a simple algebraic repre- 
sentation of the laminar-flow characteristics of a tube 


_NaNer 
(1/4r,) 


Nwu = 


The constant C is the slope of the line in Fig. 8 and varies with 
cross-section geometry. The limited data, which at present are 
available on these constants for laminar flow in rectangular tubes, 
are plotted in Fig. 9 from the curves in Fig. 8. The dashed lines 
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SUGGESTED 


represent merely a tentative suggestion as to the over-all relation- 
ship. However, other considerations indicate that Fig. 9, in con- 
junction with Fig. 3, may be quite adequate for practical gas-flow 
heat-exchanger design work. Both the constant wall-temperature 
and constant-heat-input lines have been anchored at 1/a* = 0 by 
the completely analytical constant-wall-temperature gap solu- 
tion, which is inaccurate in two respects, but which, on the 
other hand, cannot introduce much error because the magnitude 


of C is relatively so small at this end of the scale. The constant- 
heat-input curve should lie below the constant-wall-temperature 
This is evident not only from the square-tube behavior, 
Hlow- 


curve. 
but also from some as vet unpublished cireular-tube data, 
ever, the constant C from the gap solution was obtained on the 
assumption of fully established parabolic velocity distribution. 
In the practical heat-exchanger case, where the development of 
the velocity profile as well as the temperature profile must be 
considered, and also where there is generally an abrupt contrae- 
tion entrance, the entrance-length effects, and thus C, will tend to 
be greater. A re-examination of laminar-flow circular-tube data, 
presented in reference (13), indicates an excellent straight-line 
plot in Fig. 8, but with C about 50 per cent greater than a similar 
examination of the Graetz solution yields. Thus the point indi- 
cated in Fig. 9 at 1/a* = 0 may be a little low for the constant- 
wall-temperature case, but is close to correct for constant heat 
input. 

Another not completely resolved question regarding the data in 
Fig. 9 is the a@* = 2.62 point (1/a@* = 0.382), because of the afore- 
mentioned uncertainty in the effective //4r,. However, a major 
reason for having confidence in this datum point is that this C 
corresponds closely to that as determined experimentally (13) for 
circular tubes (C = 0.017 for a* = 2.62, C = 0.020 for circle). 
Now from the theory it is seen that the limiting Nusselt number 
for both this rectangular tube and the circular tube also corre- 
sponds closely (Nwu = 3.85 for a* = 2.62, Nwu = 3.66 for circu- 
lar tube). This is consistent with the following reasoning: The 
entrance-length effects vary with different geometries because 
near the tube entrance the Nusselt number should become inde- 
pendent of geometry; thus geometries with low minimum Nusselt 
numbers should show larger entrance-length effects, and vice 
versa. This conclusion is supported by the results shown in Figs. 
3 and 9, Since the cireular tube C corresponds closely to the 
rectangular tube C, in line with this reasoning it is concluded that 
the a* = 2.62 magnitude of C in Fig. 9 is approximately correct, 
and that the effective //4r, is close to 55 as used, 

An additional note of caution is necessary in regard to the use 
of Fig. 9. While Pig. 3 applies to any fluid, the entrance-length 
effects indicated in Fig. 9 will vary with the Prandtl number of the 
fluid, being greater for low Prandtl-number fluids and less for 
high Prandtl-number fluids. Therefore Fig. 9 is considered to be 
applicable only to the Prandtl-number range of gases. It is 
possible that an exponent less than unity applied to the Prandtl 
number in Equation [23] would correlate data over a wider range 
of Prandtl numbers, but insufficient data are available at the 
present time to investigate this question further, 


SuMMARY AND CONCLUSIONS 

The results and conclusions of the foregoing analytical and ex- 
perimental investigation may be summarized as follows: 

1 The relaxation method of Southwell is utilized to solve the 
hydrodynamic and thermal differential equations for laminar 
flow of an incompressible fluid of constant viscosity and thermal 
conductivity through rectangular ducts with fully established 
velocity and temperature profiles. Boundary conditions of both 
constant heat input and constant wall temperature are con- 
sidered. In addition, the equilateral-triangle duct with constant 
heat input is solved. 

2 These solutions yield minimum limiting Nusselt numbers 
which are approached in laminar flow as tube length is increased, 
The data obtained are 


or aS Reynolds number is decreased. 
summarized in Table 1, and in Fig. 3 the minimum Nusselt num- 
bers for rectangular tubes are plotted as a function of aspect 
ratio so that an accurate interpolation is possible for any rectan- 
gular section. 

3. Limited experimental data for air flow in a square and a 
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the 
number analysis, and in addition provide some data on tube- 


rectangular duct substantially confirm limiting Nusselt- 
entrance-length effects, 

4 Until more experimental data or adequate analytical solu- 
tions are available the entrance-length effects are presented in the 
tentative correlation, Fig. 9, for rectangular tubes of any aspect 
ratio, and with both constant-heat-input and constant-wall- 
temperature boundary conditions. 
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Stress Amplitude on Statistical 


75S-T6 Aluminum Alloy 


By G. M. SINCLAIR? anv T. J. DOLAN® 


Recent studies indicate that most of the “‘scatter’’ ob- 
served in finite fatigue-life-testing of metals is an in- 
herent characteristic of the material and does not neces- 
sarily indicate poorly adjusted machines or improper test - 
ing techniques. In the present study, groups of 17 to 57 
specimens of 75S-T6 aluminum alloy were tested in rotat- 
The smallest 
stress used was 30,000 psi and the greatest was 62,500 psi. 
A statistical analysis was made of fatigue-life data obtained 
at each of the six stresses. The distribution of the fatigue 
lifetimes, for each stress, was found to be approximately 
logarit hmic-normal. 
a measure of scatter in the fatigue life) was related to the 


stress amplitude and could be represented within the 


ing bending at six different stress levels. 


The standard deviation (which is 


stress range investigated, by a simple exponential function. 
Constants of an S-.V relation recently proposed by W. 
Weibull were evaluated for a probability of failure ?? = 
0.50. Results of the study are summarized in two equa- 
tions and in a composite S-.V diagram showing lines of 
equal probability of failure. 


INTRODUCTION 


ITH the continued growth of the stock pile of experi- 
mental evidence gathered by fatigue investigators, it 


has become increasingly apparent that the basic prob- 
lems of failure by fatigue are inherently statistical in nature. 
Fatigue data appear to exhibit more scatter than any other type 
of mechanical test data currently utilized by the design engineer. 
In view of this, it seems imperative that future studies in the field 
of fatigue be planned in such a way as to permit quantitative esti- 
mates to be made of the reliability and reproducibility of the re- 
sults. In short, the adoption of statistical methods of testing and 
analysis appears necessary. 

Recent experiments (1, 2)* have demonstrated that the observed 
scatter is not necessarily caused by improperly adjusted testing 
machines or by poor testing techniques but is an inherent char- 
acteristic of the material itself. The process of failure by fatigue 
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involves first the nucleation of subiaicroscopic cracks in the 
metal, Subsequently, growth of these cracks continues until the 
effective cross-sectional area of the member is reduced to the ex- 
tent that it no longer can support the applied load and sudden 
fracture results. The cracks appear to be nucleated in those re- 
gions which have suffered severe plastic deformation during re- 
Other evidence (3) indicates that the nucleation 
period for cracks is of relatively short duration and that the 


peated loading. 


growth process is initiated very early during the fatigue test. 
This last point suggests that the finite fatigue life of the metal 
may be considerably influenced by the number of cracks which 
are nucleated, For example, if two specimens of the same metal 
are tested under identical conditions and many more cracks are 
nucleated in one specimen than in the other, one would expect 
the specimen with the larger number of cracks to have the 
shorter life due to the increased chance of the cracks growing to- 
gether. 

At the atomic and crystalline levels of association where fa- 
tigue damage is initiated, all metals are heterogeneous. The 
fatigue volume will differ 
from the resistance of another owing to the presence of such fac- 


resistance of one small elemental 
tors as inclusions, differences in grain size, orientation, spacing of 
hardening particles, microresidual stresses, and so on. Thus any 
real metal may be considered to have a large number of weak 
points of varying severity distributed throughout its volume 
Every fatigue specimen, therefore, contains a large number of 
these weak points or ‘“‘nucleation’’ points, the number and type 
of which will depend upon chance. Because of this chance dis- 
tribution of nucleation points, the fatigue limit and the fatigue 
It has 
been shown (4) that considerable seatter exists not only in the 


fatigue limits of metals but also in their finite fatigue lives at a 


life at a given stress will vary from specimen to specimen. 


given stress. This seems quite reasonable, however, when con- 


sidered from the viewpoint of the foregoing discussion, 
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Frequency-distribution diagrams of the number of eycles to 
failure N at a given stress amplitude are quite badly skew having 
a long tail to the right. When the 
diagram is plotted in terms of the logarithm of NV, however, the 
tendency for right-handed skewness is apparently overcome and 


For example, refer to Fig. 1. 


‘ 
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TRANSACTION 


the distribution assumes a more nearly normal shape. Other dis- 
tribution functions for N have been suggested (5, 6); however, for 
the purposes of the present paper, these did not appear to offer 
any clear-cut advantages over the more easily handled logarith- 
inic-normal distribution. For this reason, the present analysis is 
based on the assumption that the logarithm of the fatigue life .\, 
is normally distributed at all stress levels investigated. 

It was the purpose of the present study to investigate statis- 
tical variation in the fatigue life of 75S-T6 aluminum alloy and 
to determine, within limits, the effect of stress amplitude on this 
variation. The experimental program was carried out for the 
fatigue-stress range of greatest interest in engineering design. 
A total of 174 specimens were broken at six different values of 
cyclic stress of which 62,500 psi was the greatest and 30,000 psi, 


the smallest. 


AND Meruop or TrestiIna 


The 75S-T6 aluminum alloy was received in 7/;-in-diam bars 
and had average mechanical properties as shown in Table 1. 


TABLE 1 MECHANICAL 758-T6 ALUMINUM 


Ultimate strength, psi 
Yield strength (0.2 per cent offset), pst 
Elongation (2 in.), per cent 
_ Reduction of area, per cent 
Charpy impact, ft-lb 
Rockwell B hardness 


PROPERTIES OF 
ALLOY 


longitudinally and small rotating-beam 
The speci- 


The 
specimens were machined from each half of the bar 
mens were in the form of cylindrical bars 1°/, in. long & '/, in. 
diam with the central portion gradually reduced to a minimum 
diameter of 0.150 in. by turning the surface contour to a radius of 
3/,in. The specimens were given a standard finish with final 
scratches produced by 00 polishing paper running longitudinally. 
Three small rotating-cantilever-beam fatigue machines which 
have been described previously (9) were employed in the tests at 
a nominal speed of 8000 rpm. The 
stress in the specimen was computed 
from the simple beam formula S = 
Mc/I in which S is the nominal stress 
amplitude at the extreme fiber of the en, 
Prior to the tests, these psi 
calibrated carefully by $2500 4 
means of a sensitive weighing device = 
which utilized SR4-type electrical-re- 35000 
sistance strain gages as the measuring 30000 ' 7 
element. No apparent differences in 
the static calibration of these machines were found by this means. 
The moment M applied to the specimen could be adjusted to 
+0.01 in-lb with the average moment setting being about 10 
in-Ib. The diameter of the specimens at the critical section was 
determined by means of a Pratt and Whitney supermicrometer 
reading to 0.0001 in. Two measurements were made on the 
critical section 90 deg apart and the average was taken. Speci- 
mens which were out of round by more than 0.0004 in. were re- 
jected. From these values the maximum error in applied stress 
was computed to be approximately 500 psi. 

Fatigue-life tests were conducted for six values of stress which 
were 62.5, 50, 45, 40, 35, and 30 thousands of psi. From 17 to 
57 specimens were » tested at each of these stresses and the fatigue- 
life data obtained using methods 
of calculation which are outlined by Brownlee (7). In the inter- 
pretation of fatigue-life data all calculations were made using the 
logarithm of the life to failure since this quantity appeared to 
have an approximately normal distribution. The resultant values 
were transformed back to arithmetic answers for presentation in 


bars were split 


Number of 
specimens, 


test section. 
machines were 


were analyzed statistically 


rABLE 2 


Mean log life 
for failure, 
log N 

2047 
4.7234 
4.7585 
5 3331 
6.1674 227 0.33 
2120 3216 0 


THE ASME JULY, 1953 
the figures. The mean log-life, that is, log N and the standard 
deviation o, were calculated by standard procedures.§ Confi- 
dence limits on the mean and standard deviation® were computed 
for the 95 per cent and 90 per cent levels, respectively (7). The 
95 per cent confidence limits for the mean, for example, simply 
indicate that the probability is 0.95 that the mean of the total 
population of specimens falls between these limits determined 


from the sample. 


Resutts or Tests anp Discussion 
The statistics of the test data obtained at each stress are sum- 


marized in Table 2. The mean log life, log N, is given for each 
stress as is the standard deviation, ¢, and confidence limits for 
these values are shown also. 

For the series stressed at 30,000 psi, data are presented graph- 
ically in a frequency-distribution histogram, Fig. 1. Those charts 
were plotted with a cell width equal to 10,000,000 cycles in terms 
of N and a cell width of 0.25 in terms of log V, thus covering both 
the distribution of N and of log N. It will be observed that the 
distribution based on the number of cycles N is highly skew show- 
ing a long right-hand tail; however, it becomes more nearly a 
normal distribution when based on log NV. In either case, the 
standard deviation is quite large at this low stress. 

The frequency distribution is illustrated in greater detail in 
Fig. 2, which gives individual fatigue-life-times obtained at the 
various stress amplitudes. The plotting position for the relative 
frequency of failure was determined by first listing the spec imens 
in increasing order of fatigue life, such as N;, No, 3 

V,, where the total number in a particular group was n. "The 
plotting position for the mth specimen then was taken as m divided 
by the quantity (n + 1). The quantity (n + 1) is used as a divi- 
sor rather than n in order to avoid obtaining an estimate of 100 
per cent probability of failure at the life NV, for the nth specimen 
in a group of n specimens. This procedure is ordinarily used 
when relatively small samples are being studied. 

SUMMARY OF FATIGUE-LIFE DATA 
90 per cent confidence 
limits for 
standard 
deviation o—~ 
ower Uppe 
= 0284 0.0484 
0.0884 0 
0.1040 0 
0.1956 0.2 


95 per cent confidence Standard deviation 
limits for log N of log N, 


Upper 


The ordinate in Fig. 2 is based on the cumulative normal dis- 
tribution while the abscissa is the number of cycles to failure NV, 
plotted to a log seale. Since the distribution of points in any 
group may be approximated closely by a straight line, it is appar- 


Slog N 
n 


where log NV = mean log life 


= standard deviation 
N = fatigue life of a given specimen 
n = number of specimens in sample 


* For samples having less than 30 specimens, limits for variance 
were computed using 
1)o? 
x? 


and the roots were taken to obtain standard deviation limits. 
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ent that the distribution of log N is approximately normal. The 50 T 
solid lines which are drawn through the groups of experimental 
data represent the ideal logarithmic-normal curve having the 
Same mean and the same standard deviation as calculated from 
the corresponding experimental data. The number of cycles to 
failure corresponding to log N fixes the position of the line since 
it must intersect the horizontal line representing 50 per cent fre- 
quency of failure at this point. The slope of the line is determined 
by the standard deviation and, therefore, provides a measure of | 
the seatter in fatigue life at the various stress levels. It may be indicated For N 

seen that the lines become more nearly vertical for the higher 
stresses indicating a relatively smaller amount of scatter in the 
number of cycles to failure. 


bo 
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E*20,000 
A+ 140,000 
m= 01606 
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"s of psi (Log Scale) 


(S-E) 


The accurate determination of fatigue life for very small prob- 
abilities of failure by extrapolation of the straight-line portions 
of the diagram did not appear feasible because the lines intersect ey 10° ° 5 
at a finite number of cycles (approximately 6 & 10°). Thus, if 
the extrapolation is continued beyond the point of intersection, 
the diagram indicates that specimens stressed at a low stress have 
a shorter fatigue life than those stressed at a higher stress (fora = which approximately 50 per cent of the specimen group will have 
given small frequency of failure). It seems probable, therefore, — jnfinite life. 
that curves representing the exact frequency-life relationship Equation [1] was evaluated for the present data as 
would deviate gradually from the straight lines shown in Fig. 2, 
by curving upward as very small frequencies of failure are ap- 


10 
(N+B) Log Scale 
hic. 3) or Stress S ano Lire N vor a 
or Fatture = 0.5 


S 20,000 140,000 CV 14,000) [1h] 


proached. In general, agreement between the logarithmic-nor- | where 30,000 < S < 62,500, 
It is sometimes assumed that the 


ultimate tensile strength corresponds to— 


the stress for failure at or '/, evele 
(depending upon the range of stress in- — 
volved) and that it represents a limit- 
ing value of fatigue stress. This as- 
sumption was not used for the present 
analysis as it appears questionable. A ; 
single loading cycle at the ultimate 
strength does not result in final fracture 


eee 


in ductile metals; therefore it does not — 
seem that one would be justified in in- 
cluding this value with other data which 
| represent a condition of fracture. 

+- 45,000 psi As evaluated in Equation [1)}, the 
S-N relation proposed by Weibull (8) 
represents the experimental values quite a 
| accurately. (In this study 30,000 < 
0° < 62,500 psi.) It should be noted, 


Cycles to Foilure, N, (log scale) 


Relotive Frequency of Failure, percent 


Propasitiry DiaGram SHowina INpivipvuaL Faricur empirical, and any extrapolation should 

LiretiMes Owraineo AT DirreReNT STRESSES be made with caution. The relationship 

shown between S and N for P = 0.50 is 

mal distribution and experimental data appeared to be reason- — useful but it gives no information regarding the scatter in fatigue 

ably close for frequencies of failure between 1 and 99 per cent. life at the various stresses. Results of an analysis of the varia- 
Fig. 3 presents a relationship between the flexural stress S, andthe _ bility in fatigue life are indicated in the next figure, 


life N used here was obtained by transforming Jog N to arith- 0 (which is a measure of seatter in log N) for various values of 

metie terms. The diagram was plotted in accordance with an flexural stress S, each plotted to a logarithmic scale. It is clear 

equation recently proposed by W. Weibull (8), that is that the standard deviation became smaller when the flexural 
(S— E) = A(N+B)—™.. stress was increased. A relationship between o and S is given 

approximately by an equation of the form 

-or in Jegarithmic form 


log (S — BE) = —m log (N + B) + log A {la} 


which is a straight-line relationship. The terms of the equation 


fatigue life N, for a probability of failure P = 0.50. The fatigue Fig. 4 presents experimental values of the standard deviation — 
in this form were readily evaluated graphically by adjusting the log og = —nlogS + log a {2a} 
quantities and B until a straight line was obtained in logarithmic 


plotting, Fig. 3. The constant m is the slope of the line and A is which is a straight line. The quantity n is the slope of the line 


the intercept where (V + B) equals 1. EF might be interpreted and @% is the intercept at S = 1. The equation of the straight a 
as the endurance limit of the metal for P = 0.50 or the stress at line shown in Fig. 4 was obtained by applying the method of 


or in logarithmic form 


however, that this equation is essentially } 
j 
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least squares to the experimental points. The relation deter- 
mined in this manner is as follows 
= (6.73 X 105 6-**.......... {2b} 
where 30,000 < S « 


62,500 psi 


i | 
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Mquation [1b] deseribes « relationship between the stress and 
the mean life corresponding to log N. From this, an S-N 
curve representing a probability of failure P = 0.50 was obtained. 
As equation [26] gives the standard deviation or relative ‘“‘scat- 
ter” of log N about the mean as a function of stress, S-N 
curves for various probabilities of failure may be determined. 
This is illustrated in Fig. 5, which presents S-N curves for 
P 0.01, 0.10, 0.50, 0.90, and 0.99. It may be seen that the 
= 0.10 and 0.90 is a 
relatively narrow band, Approximately 80 per cent of a group of 
specimens tested to failure would be expected to fail within this 


portion of the diagram included between P 


region. By comparison, the region which includes 98 per cent of 
the specimens (enclosed by P * 0.01 and 0.99) is quite large, be- 
ing a multiple of the first region. 

It is interesting to note that the central curve, representing a 
probability of failure P = 0.50 agrees closely with an S-N 
curve given in reference (9) for the same material. The curve 
presented in reference (9) was obtained by ordinary fatigue- 
testing methods in which no more than three specimens were 
tested at any given stress, It appears then that ordinary meth- 
ods of testing may give a good approximation of the S-V curve 
for P = 0.50 but of course no further information regarding the 
variability in fatigue life at the various stresses is given by the 
limited data. 

SUMMARY AND CONCLUSIONS 

A study has been made of the effect of stress on the variability in 
fatigue life of 755-T6 aluminum alloy. Groups consisting of 
17 to 57 specimens were tested in small cantilever-rotating-beam 


fatigue machines at six different values of stress. The smallest 
stress used was 30,000 psi and the greatest was 62,500 psi. A sta- 
tistical analysis was made of fatigue-life data obtained at each of 
the six stresses. 
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As a result of this study it was concluded that the distribution 
of fatigue life N for a given stress is approximately logarithmic- 
normal, although it is believed that the logarithmic-normal rela- 
tionship is increasingly in error for probabilities of failure smaller 
than 1 per cent. 

The standard deviation (which is a measure of scatter in the 
fatigue life) is determined primarily by the applied stress. A re- 
lationship may be represented by a simple exponential function 
within the stress range investigated. In general, this variability 
in fatigue life decreases when the stress amplitude is increased. 
The extra work involved in making a statistical approach to fa- 
tigue problems appears to be justified by the additional informa- 
tion obtained. 
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Discussion 
G. Ek. Drerer’? ano G. T, Horne.? The authors are to be con- 
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gratulated on their contribution to the growing literature on the 
statistical interpretation of fatigue data. Experience in this lab- 
oratory in statistical fatigue tests on nine different materials, both 
ferrous and nonferrous, has shown that the scatter in fatigue life 
invariably decreases significantly with increase in stress level. 
This conclusion has been given statistical assurance by applying 
the F test for comparing the variabilities (standard deviations) of 
two sets of measurements, to these statistics at each possible com- 
bination of stress levels. The F test has been applied to the 
authors’ data and the same conclusion verified. We feel that 
this type of statistical test is important and necessary to give a 
firmer foundation to visual “appearances’’ which too often can be 
illusory. This, we think, is the real worth of the statistical treat- 
ment of data and must precede any search for relationships be- 
tween the parameters in question; we must prove, to some degree 
of confidence, that there is a significant change of the variables 
within the range in which we are working. 

Since our tests have been confined to a relatively limited range 
of stress, it has not been possible to confirm the relationship of log 
o with log stress. We do find, however, that it is not at all un- 
usual for the dependency of o with stress to show an anomaly, 
such as the authors found at 40,000 and 50,000 psi. We have 
attributed these simply to random variations in sampling. 

The authors suggest that the parameter EF in Weibull’s equa- 
tion for the fracture curve on an S-N diagram might be interpreted 
as the median endurance limit; they rightly caution against 
extrapolation. Yet giving such a name to this parameter is, in 
essence, extrapolation and almost certainly in error. For one 
point, the equation indicates an asymptotic approach to this 
stress level; in materials where an endurance limit, in the ac- 
cepted, defined sense, exists, the approach is a rather sharp break 
in the fracture curve and hardly asymptotic. We can best char- 
acterize Weibull’s EF and B as cutoff parameters (the equation 
obviously is invalid at stresses less than EF and cycles less than B), 
but with the proviso that the range of applicability is probably 
less than these parameters would indicate. 


R. Ek. Pererson.? From a design standpoint, the need for 
more detailed statistical information about a material depends on 
the consequences of failure. The usual S-N curve determined 
from a limited number of specimens is ordinarily a rough ap- 
proximation of the # = 0.50 curve and for many purposes this 
admittedly incomplete information is sufficient, particularly 
where weight is not a vital consideration and a generous factor of 
safety can be applied. In an airplane, however, all sections and 
parts must be reduced to a minimum, yet the consequences of 
failure can mean loss of many lives. Here we could well use a 
detailed statistical picture, not only out to P = 0.01, but to P = 
0.001 and beyond. Referring to Fig. 5, the P = 0.01, 0.1, and 
0.5 curves are about equally spaced (on the log scale), which 
would indicate a wide departure for, say, ? = 0.0001 (one in ten 
thousand) if the extrapolation were linear. However, the authors 
point out in connection with Fig. 2 that extrapolation of the 
straight lines does not seem feasible since the lines would inter- 
sect at 6000 cycles. 
lines turn inward at both top and bottom where they could pre- 
sumably become asymptotic to limiting values, In some of his 
work Professor Weibull indicates P = O curves. It would be of 
more than academic interest if someone would obtain a curve with 
1000 points. Perhaps the authors have some comments to make 
with regard to the probable 


There are other reasons to suspect that these 


“ ” 


shape of the tails. 
F. B. Srucen.® It is by means of the techniques reported in 


* Manager, Mechanics Division, Westinghouse Research Labora- 
tories, Pittsburgh, Pa. 
=f * Curtis Wright Corporation, Propeller Division, Caldwell, N. J. 
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this paper that further advancements in the laws governing 
fatigue failures may be made. This investigation, as well as 
others of this type which have been undertaken in recent years, 
clearly demonstrates that the variability in fatigue life and en- 
durance limit is an important characteristic of engineering mate- 
rials. 

It is interesting to note that the authors of this paper were able 
to obtain a simple relation between the variability of fatigue life — 
as a function of the applied stress. If the relation for the stand- 
ard deviation given by Equation [2] in the paper is valid at stress — 
values below 30,000 psi, it never will become infinite at the lower 
stresses. Since an infinite value of the standard deviation will | 
occur near a true endurance limit, this material does not have a — 
true endurance limit. 

Many steels have true endurance limits and when a cumulative 
frequency curve is plotted for those specimens tested at a stress 
level in the vicinity of the endurance limit of such materials, a _ 
difficulty arises in plotting the curve. This difficulty is that some 
specimens will fail while others will not, regardless of the number : 
of cycles imposed, and for this reason a discontinuity will appear 
in the probability curve. For example, if 5 per cent of the speci- 
mens do not fail whereas 95 per cent do fail, a discontinuity in the 
cumulative frequency or probability curve will occur at the 5 per 
cent ordinate. Under these circumstances, the standard devia- 
tion of the logarithms of failure cycles will become infinite when 
based on the total number of specimens tested, even though only 
one specimen does not fail after being tested for a sufficiently 
large number of cycles. — For this condition the standard devia- 
tion or variance loses any significance. 

The curves of equal probability shown in Fig. 5 of the paper are 
based on tests at constant stress. One question which arises in 
connection with these curves is whether the same curves of con- 
stant probability would be obtained for distributions of fatigue 
strength based on tests at a constant number of cycles, Such in- 
formation could be obtained either by sensitivity testing or by 
dosage testing. It normally would seem logical to assume that 
the probability curves based on constant-stress testing would be 
identical to those based on constant-life testing. 
perimental data would be required in order to verify such an 


lHlowever, ex- 
assumption. 


R. T. Scuwarrz."” Although the scatter in fatigue undoubt- 
edly is not due mainly to testing-machine differences, still the ex- 
tent of the latter should be determined. It is believed that a 
static-weighing device as used does not rule out differences be- 
tween machines, Factors such as bearing wear and other sources 
of vibration are not detected. To determine differences between 
machines, it is suggested that a statistical comparison be made by 
testing a number of specimens at one stress in each machine, and 
then comparing the mean values and standard deviation of each 
machine, 

Curves for probabilities of failure below 1 per cent are desired in 
some design work, such as aircraft propellers, Since the log-nor- 
mal distribution does not fit closely in the areas of low and high 
frequencies of failure (see Fig. 2 of the paper) perhaps another 
The 
extreme value distribution, which has been proposed, may be 
better. 

The statements against the use of the ultimate tensile strength 
as a limiting value of fatigue stress are coneurred in. Fatigue 
investigations at the Materials Laboratory have shown fatigue 
strength above the ultimate tensile strength in some cases even at 


distribution could be feund which would fit more closely. 


lifetimes up to a few thousand cycles, 


1 Chief, Structural Design Data Branch, Materials Laboratory, 
Directorate of Research, Wright Air Development Center, Wright- 
Patterson Air Force Base, Ohio. 
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AuTHORS’ CLOSURE 

The authors are grateful for the interesting discussion con- 
tributed to this paper. Messrs. Dieter and Horne suggest the 
use of the F test for comparing variances of two sets of measure- 
ments at each possible combination of stress levels. This is, of 
course, a good procedure for those who may wish to test the data 
in greater detail than that given. It should be pointed out, how- 
ever, that a similar type of statistical assurance is presented in 
Fig. 4 and in Table 2 where “confidence” limits for the values are 
indicated. In Fig. 4, for all practical purposes, a simple visual 
comparison is sufficient to indicate whether or not the confidence 
intervals for two given values of a overlap or not. If the two 
confidence intervals do not overlap, then the two values being 
compared are different at what corresponds to the 0.05 signifi- 
It. will be noted that 
in all cases in which the values of o differ significantly in this way 
the smaller value of @ is associated with the higher stress. Use of 
the variance ratio test to determine whether or not the values 
differ significantly at the 0.001 level, for example, eliminates five 
out of fifteen possible combinations of values from consideration 


cance level in the variance ratio or F test. 


but the remaining ten combinations which do show a ‘‘difference”’ 
at this level must, of necessity, support the original conclusion. 

The authors cannot wholly agree with the statements made by 
Mr. Dieter and Mr. Horne regarding the coneept of endurance 
limit. The endurance limit or fatigue limit in one “accepted and 
defined” sense is “the limiting value of the stress below which a 
material can presumably endure an infinite number of stress 
cycles, that is, the stress at which the S-N diagram becomes 
horizontal and appears to remain so’’.'' It is seen that the 
existence of an endurance limit would not depend in any way on 
the manner in which the fracture curve approaches this limit, 
whether it be asymptotie or otherwise. The belief that only 
those materials which exhibit a sharp break or “knee” in the 
S-N diagram can have an endurance limit is an unwarranted 
assumption which has probably arisen from the experience of 
early investigators working on ferrous metals which were capable 
of strengthening by strain aging during the test. 

In evaluating the terms of Weibull’s equation for P = 0.5 the 
authors indicated limits for the applicable range of stress which 
It is difficult to 
see how an appreciable error results if we remain within or close 


were taken directly from the experimental data. 


to the indicated limits. The parameter 2 as used here stands 
on Fatigue Testing,” STP No. 91, American Society 
for Testing Materials, 1949, p. 4. 
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for the stress at which the probability of survival to infinite life is 
0.5. Clearly this is a hypothetical value which could not be 
measured directly; nevertheless, its meaning in physical terms 
would be that of a specialized form of endurance limit. 
sider the parameter # in this manner is no less correct than it is 
to speak of the “elastic limit’”’ of a material for a particular set of 
conditions. In either case we simply utilize a concept which 
provides us with useful results. 


To con- 


Deciding which of the possible distribution functions will give 
the best agreement with actual fatigue life at small probabilities 
of failure is indeed an important point as both Mr. Peterson and 
Mr. Schwartz indicate. 
accordance with the extreme value distribution as suggested by 
Freudenthal and with the general distribution function proposed 
by Weibull. The extreme value distribution gave somewhat bet- 
ter agreement than the log normal for the data at 30,000 psi 
(which also had the largest number of specimens); however, in one 
or two instances at the higher stresses agreement was not as good. 


The present data were also plotted in 


ixtrapolating the straight-line portions of the extreme value plot 
again resulted in an interesection at about 6000 evcles; hence the 
same objections against extrapolation might be raised here as 
were given in the text for the log normal plot. Weibull’s distri- 
bution gave the best agreement with the experimental data; this 
is not particularly surprising in view of the added empirical 
parameters that it contains. For the purposes of the present 
paper the benefits to be derived from the use of this more com- 
plicated expression were not clear; therefore the simpler log nor- 
It is felt that one of the most im- 
portant steps in deciding which of the distribution functions may 
“best” describe actual fatigue behavior is first to obtain data 
under carefully controlled conditions for a relatively large sample, 


mal distribution was used. 


as Mr. Peterson proposes. 

The authors agree with Mr. Schwartz in his statement that the 
use of static weighing devices to calibrate the machines would 
not rule out the possibility of differences in their dynamic charac- 
teristics. An investigation of such possible “machine effects” 
would be quite worth while. 

Remarks made by Mr. Stulen regarding the interpretation of 
As he states, if Equation {2} in 
the paper is valid at all stresses below 30,000 psi, then we should 


fatigue data are concurred in. 


have to conclude that the material does not have a true endurance 
limit. Sinee no fundamental significance can be claimed for the 
form of this equation, however, the question as to whether or not 


this material has a true endurance limit must remain unanswered. 
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Grinding 


The biaxial stress distributions resulting from grinding 
and lapping annealed manganese oil-hardening tool steel 
were determined by sectioning the stressed surface layers 
and following the changes in curvature of the test speci- 
mens by optical interferometry. Two methods of sec- 
tioning, lapping, and chemical etching were tested and 
evaluated. Results of the study show that the plastic de- 
formation which gives rise to the residual stress is at least 
partially due to mechanical forces exerted upon the sur- 
face by the abrasive grains and cannot be explained by 
forces of thermal origin alone. Grinding stresses were 
found to fluctuate rapidly close to the surface, the highest 
stresses being confined to a surface layer about 0.0001 in. 
thick. Depth of stress penetration increased with depth 
of cut over the range tested. Lapping stresses were found 
to have a nearly constant compressive value throughout 
the surface layer affected which, for the conditions in- 
vestigated, was about 0.0002 in. thick. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
Ci), ) = curvatures of test specimen in planes containing 
normal to test surface and principal stresses 
) and o2( 
7 & = Young’s modulus of elasticity 


), respectively 


instantaneous thickness of specimen as stressed 
layers are removed from test surface 
uo = initial thickness before any layers are removed 


5 a co-ordinate parallel to thickness of specimen 
v = Poisson's ratio 
o,( ),o4 ) = principal residual stresses in planes parallel to 


test surface 
INTRODUCTION 


There is increasing interest in the residual stresses caused by 
grinding or lapping because of the influence which they may 
have upon the service life of tools and parts finished by these 
processes. Although various opinions are found in the literature 
concerning the nature of these stresses and their causes, only a 
few investigators have published actual stress distributions re- 
sulting from these operations. Noteworthy among those who 
have done so are Almen (1),? Glickman and his associates (2, 3) 
and Frisch and Thomsen (4). This dearth of published informa- 
tion is due partly to the time required to obtain reliable stress 

' A contribution from the L. Leslie Byers Memorial Fellowship 
sustained at Mellon Institute by the Grinding Wheel Institute. 

2 Mellon Institute of Industrial Research. 

3 Numbers in parentheses refer to the Bibliography at the end of this 
paper. 

Contributed by the Research Committee on Cutting Fluids and 
Metal Cutting Data and Bibliography, and Production Engineering 
Division and presented at the Annual Meeting, New York, N. Y., 
November 30-December 5, 1952, of THe American Sociery or 
MeEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, Au- 
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factory indication of the actual stress state in the surface. . 
A number of investigators have observed the residual bending | 


resulting from machining, grinding, and polishing but most of — 
these have measured the effect of but one component of a stress 
system which is at least biaxial. Exceptions are the work of — 
Henriksen (5) on machining stresses and the observations of — 
Martindale (6) concerning the effect of abrasion upon the mag 
netic properties of silicon steel. Although Henriksen observed — 
the effect of but one component of the surface stress at a time, he | 
showed that machining stresses are biaxial and that the principal — 
components are parallel and perpendicular to the direction of tool — 


Martindale not only observed that the components of the — 


travel. 
surface stress resulting from unidirectional abrasion of steel with 


emery cloth are unequal and are oriented parallel and perpendicu- 
lar to the abrasion direction but also showed that they are ac- 
companied by a corresponding magnetic anisotropy. 

It is believed that the work described in subsequent para- 
graphs, while limited to only a few of a great variety of possible — 


combinations of specimen materials, abrasive wheel specifica-— 


tions, and grinding and lapping conditions, utilizes a useful ex- 


perimental approach to the problem of measuring biaxial surface 
stresses and points out some features of residual grinding and — 
lapping stresses which hitherto have not been published. Many 
experimenters who have observed the effects of grinding stresses — 
have employed severe grinding conditions in order to obtain 
Use of the optical interference technique — 


measurable results. 
in the present work not only avoids the necessity for exceeding 
recommended grinding practice but also permits simultaneous 
measurement of the principal components of the biaxial surface 


stress. 


EXPERIMENTAL PROCEDURE 


Specimens. Manganese oil-hardening tool steel was selected 


as the specimen material because of its wide use in industry and 
because of its alleged sensitivity to grinding injury. Two-inch 
square specimens were cut from '/in,  2-in. annealed bar 


stock having a percentage composition of 0.92 C, 1.38 Mn, 0.019 
P, 0.2838, 0.013 Si, 0.45 Cr, 0.41 W, and the remainder Fe. These 
were placed on the magnetic chuck of a horizontal spindle surface 


grinder in groups of six and surrounded by 1-in. bars 
of the same material, as shown in Fig. 1. Approximately 0.015 
in. was gently ground from each side of the specimens and sur- 


rounding bars, using a freshly dressed 46-grit vitrified wheel of 


medium grade, in order to remove any decarburized material. 
The specimens for the lapping test and the first grinding test 


were placed in a salt bath consisting of a eutectic mixture of potas- 
sium nitrate and sodium nitrite and held at 1100 F for 24 hr in 


an automatically controlled electric furnace. The test pieces 


were allowed to cool in the furnace nearly to the freezing point of 
the bath (295 F) and then in air to room temperature. The 
specimens for the second grinding test were given a similar treat- 
ment except that they were packed in sillimanite and allowed to 
cool all the way to room temperature before unpacking. The 
furnace and typical cooling curves are shown in Fig. 2. The pur- 
pose of this stress-relief anneal was to remove any machining or 
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grinding stresses introduced during the preparation of the test 
pieces (7). 

The specimens were pickled in a 10 per cent solution of sul- 
phurice acid to remove scale and then held at 300 F for 1 hr to get 
rid of any hydrogen absorbed during the pickling process which 
might cause embrittlement. One surface of each specimen was 
lapped flat on the lapping machine shown in Fig. 3, employing a 
mixture of 800-grit aluminum-oxide abrasive in oil fed onto a 
rotating cast-iron plate. The lapped surfaces were rubbed 
lightly on 4/0 metallurgical emery paper to give them sufficient 
reflectivity to produce sharp interference patterns when placed 
in contact with a quartz optical flat and illuminated with sodium 
light. 

Grinding Tests. Grinding tests were conducted on a 6-in. X 
18-in. horizontal spindle surface grinder with hydraulic table 
drive, Fig. 1, powered by a direet-current variable-speed 1.5-hp 
motor, Six simultaneously prepared specimens were placed on 
the magnetic chuck surrounded by the same I-in. bars used when 
the specimens were ground to dimension as previously described, 
The polished surface of each specimen, reserved for curvature 
measurements by optical interferometry, was adjacent to the 
magnetic chuck and all test grinding was done on the opposite 
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surface. In subsequent portions of this paper these surfaces 
will be referred to as the reference and test surfaces, respectively. 
By utilizing 0.001-in-thick paper shims and the slight inequalities 
in thickness caused by preparation of the reference surfaces, the 
specimens were arranged in a stepwise fashion so that each trav- 
erse of the table produced six different depths of cut. One 
complete crossfeed was removed during each test. The wheel 
specifications and grinding conditions, believed to lie well within 
the range of recommended grinding practice, were as follows: 
Wheel; S-in. '/s-in. 1'/¢in., J-grade, medium structure, 
vitrified bond, containing 48 per cent by volume of 46-grit 


white fused aluminum-oxide abrasive 


Wheel speed (peripheral): 6000 fpm (idling) 

Traverse speed: 50 fpm 7 =) 
Crossfeed: 0.050 in. at each end of traverse = 
Grinding fluid: air 


The wheel was dressed with a sharp diamond prior to each test 
using an adaptation of the method described by Tarasov (8). 
Approximately 0.005 in. was removed from the face of the wheel 
in 0.0005-in. increments using a moderate traverse of the dia- 

ond, offset 0.5 in. from the vertical center line of the wheel and 

tuted 30 deg in its holder prior to each dressing so as to generate 


1 apex angle of approximately 154 deg. Wheel speed and trav- 
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np Typicat Cootinc Curves 
erse speed were measured stroboscopically. Mean wheel depths 
of cut were calculated from the weight losses of the specimens 
during grinding, the area ground, and the density of the steel. 
Uniformity of the cut over the entire surface of each specimen 
wis checked by 
ments near the corners before and after grinding. 
was employed to keep the number of parameters to be controlled 


supplementary micrometer-caliper measure- 
Dry grinding 


during the tests at a minimum. 

Lapping Test. The lapping test was conducted on a machine, 
Fig. 3, employing a rotating cast-iron lap onto which was fed a 
compound consisting of 1 lb of 800-grit aluminum-oxide abrasive 
suspended in 3 gal of light mineral oil containing about 10 per cent 
of lard oil, The 12-in-diam lap rotated at a speed of 72 rpm. 
Three identically prepared specimens were lapped simultane- 
ously, Each was placed in a work holder free to rotate inside 
the three circular wear rings in contact with the lap. Two of the 
specimens were lapped with only their own weights supplying 
the normal force against the lap; an auxiliary weight was added 
to the third. The resulting average pressures were 0.07 psi and 
0.65 psi, respectively. All of the specimens were given four 10- 
min runs followed by one or two 2-hr runs. 
ments and weight determinations were made at the beginning 


Curvature measure- 


j= 
Ly 
Nes 
| 
t 


SNYDER 


MACHINE 


of the test and alter each run. Removals were calculated from 
weight losses as in the grinding tests. 

Stress Measurement. Residual-stress distributions in the ground 
and lapped surfaces were determined by removing thin, uniform 
layers from the surfaces and measuring the equilibrium curvatures 
The principal 
stresses which exist in a layer at any depth wy-w before any layers 


of the specimens by optieal interferometry (9). 


ure removed are given by 
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In these equations, wo is the initial thickness of the specimen 
and w is the instantaneous thickness as successive layers are 
removed; (©, and Cy are the curvatures of the specimen in planes 
containing the normal te the surface and the principal stresses 0, 
and ds, respectively; E is Young’s modulus, v is Poisson's ratio 
and 2 is a co-ordinate parallel to the thickness of the specimen. 

If the principal stresses are equal, C, = C 
and become 


2 and Mquations [1] 


dC(w) 
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o(w) = o(w) = +4uClw) 
dw 
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The successful application of these equations requires that the 


removal of surface layers should not disturb the remainder of the 
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specimen other than to permit elastic readjustment of the internal — 


forces and moments to restore equilibrium; consequently, the 
method used to remove the layers should neither introduce nor 
relieve any stress in the remaining material other than that ocea- 
sioned by the elastic readjustment. All of the methods custom- 


arily used are to some degree open to suspicion. 


Obviously, tech-— 


niques such as machining and abrasion which give rise to plastic — 


deformation of the subsurface metal cannot be used to study 
grinding or lapping stresses without evaluating their effects 
upon the under Similarly, 
methods also must be serutinized for nonuniform removal, re- 


stresses investigation, 


lease of subsurface stress by intergranular penetration, and in- 
troduction of stresses of the type observed by Lihl (10). 


chemical 


Lapping was used to remove thin uniform layers from = the | 


ground surfaces of the specimens studied in the first’ grinding 
test. When it became evident that it would be impossible to 
determine the stress in lavers very close to the surface by this 
method, the test was repeated and chemical etching was sub- 
stituted as a method of removal. A 5 per cent solution of nitric 
veid in aleohol (nital) was used for the first 16 etches which re- 
moved between 0.002 and 0.00% in., depending upon the specimen. 
In order to reduce the etching time, a 5 per cent solution of nitric 
acid in water was used for the next 12 etches and a LO per cent 
solution for the remaining removals. The specimens were im- 
the etchant 


improve the uniformity of the removal. 


mersed in and swabbed with cotton in order to 


Only the ground sur- 


faces were exposed to the acid, all others having been coated with — 


paraffin wax. Coating was accomplished by clamping « %-in 


square of plate glass against the ground surface with a C-clamp, 


dipping the assembly in molten wax at temperatures ranging from 


120 to 160 F, and stripping off the glass plate after the assembly 


had cooled, 

The uniformity of the etch was checked by two methods. 
When the surfaces were rubbed lightly on a lap known to be 
flat within a few wave lengths of light, almost the entire etched 


area contacted the lap. 


The total thickness of metal removed — 


in the entire process was determined by micrometer-caliper— 


measurements at points near each of the four corners of the 
The maximum deviation of «a single measurement 
When 
it is considered that this particular specimen had been etched 34 


specimen. 
from the mean of the four on any specimen was 5 per cent. 


times for a total removal of 0.017 in., the evenness of the etch 
becomes even more apparent, 

The effect of the lapping and etching techniques upon three 
specimens of the same shape, size, composition and heat-treat- 
ment as those employed in the first grinding test and the lapping 
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test is clearly shown in Fig. 4. The data were obtained by etch- 
ing the test surfaces twice in 5 per cent nital, lapping three 
times on the Lapmaster at a normal pressure of 0.65 psi and again 
etching four times in 5 per cent nital. Snyder (11) has shown 
that the upward trend of the curvature values indicated by the 
dashed line is due to a small residual compressive stress, char- 
acteristic of the heat-treatment given the specimens. Fig. 5, 


08 10 12 14 16 
THICKNESS REMOVED BY ETCHING (000) inch) 


fia. 5 Curnvarure Variation Wirn Metat Removat From One 
Sunrace or 2-In. 2-In. '/2-IN. SPECIMEN OF 
ANNEALED MANGANESE Too. STEEL 


taken from Snyder’s work, shows how the curvature of a speci- 
men of similar composition and heat-treatment varies when 
surface layers are removed by etching in 5 per cent nital alone. 
Further evidence that the increase in curvature is due to the re- 
lease of a compressive stress already in the specimens and not 
to the introduction of a tensile stress by the etching is the fact 
that in Fig. 4 the straight-line portions of the curves resulting 
from lapping also slope upward. If compressive stresses of the 
type described by Lihl (10) were introduced by the etching, they 
obviously had no significant effect upon the curvature measure- 
ments in this work. 


Resuirs 


Grinding Stresses. Inspection of the interference patterns 
formed between the reference surfaces of the ground specimens 
and the optical flat revealed immediately that the stress in- 
duced in the grinding tests was at least biaxial with principal 
stresses oriented parallel and perpendicular to the traverse di- 
rection. The ease with which this information can be obtained 
by the interference method is demonstrated by the symmetrical 
pattern in Pig. 6. The maximum bending occurs along the minor 
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(Principal stresses are paralle! to major and minor axes of elliptical fringes. 
Prior to grinding, reference surface was essentially flat.) 


Fia. 6 


axis of the elliptical fringes and the minimum bending along the 
consequently, these are the directions of the prin- 
In every case, the principal stresses resulting 


major axis; 
cipal stresses, 
from surface grinding were parallel and perpendicular to trav- 
erse or, more fundamentally, to the trajectories of the abrasive 
grains along the surface. 

The effect of depth of cut upon the curvatures of the specimens 
As the depth of cut 
i.e., the 


after the grinding tests is shown in Fig. 7. 
increased the curvatures became algebraically greater; 
specimens became more concave as viewed on the ground side. 
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Fig. 7(a) reveals that at small depths of cut the transverse cur- 
vature C, may become negative. Fig. 7(b) further indicates that 
Cy may become larger than C, in absolute magnitude. This is 
substantiated by other tests at reduced depths of cut employing 
similar wheels and specimens. The trend of the curvatures 
toward negative values as the mean depth of cut decreases implies a 
transition from nominal tension to nominal compression at very 
small depths of cut. This is in agreement with the observations 
of Almen (12). 

The curvature parallel to traverse C,; was always algebraically 
greater than that at right angles C, for any given specimen. 
Within the range investigated, the algebraic difference increased 
with increasing depth of cut. 

Although the data for the two tests are in fair quantitative 
agreement, the differences in the slopes of the corresponding 
curves are well outside the limits of error of the curvature meas- 
urements and must be attributed to differences in the residual 
surface stresses, Experience has shown that the most likely 
source of such differences lies in the cutting condition of the 
wheel or in the residual thermal stresses present in the specimens 
before grinding. Even though precautions are taken to stand- 
ardize the dressing of the wheel prior to a test, differences in the 
results of this operation alone are believed to be sufficient to 
cause the differences in Fig. 7. Furthermore, slight differences 
in the mean wheel depth of cut, either on the surrounding dummy 
bars or the specimens themselves, can cause differences in the 
cutting condition of the wheel. The two tests were conducted 
with two different wheels and, although they were specially 
selected for identical properties, this is another possible source 
of the observed differences in the two tests. 

It was pointed out previously that in analyzing the residual 
stresses resulting from the first grinding test, sectioning of the 
stressed layers was accomplished by lapping. The curvature 
data obtained in this process are plotted in Fig. 8. 
naively, a correction equal to the equilibrium curvature induced 
by lapping unground specimens of the same size, composition, 
and heat-treatment was subtracted from the measured curvatures 
to obtain the values in Fig. 8. Such a correction did not take 
into account the fact that not only was a lapping stress being 
introduced into the surface of the remaining metal but the grind- 
ing stress which had previously existed there also was being re- 
moved to the depth to which lapping caused plastic deformation. 
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As a result, the curvature changes resulting from removal of the 
first layer from the ground surface were much greater than would 
have occurred had there been no release of stress in the sub- 
surface metal. 
(dw) in Equations [1] and [2] to be spuriously large, with the 


This caused the terms dC;(w)/(dw) and dC.(w), 


result that the caleulated stresses at the surface were fantasti- 
cally high. 
it is believed that other experimenters have encountered similar 
Almen (1), for ex- 


This systematic error is mentioned in passing because 


difficulty, either knowingly or otherwise. 
ample, mentions the use of hand-honing to measure residual stress 
in the ground surface of annealed spring steel at depths proba- 
bly within the range of plastie deformation by the honing 
operation itself. 

A little reflection shows that although sectioning by lapping 
can cause a major error in stress determinations very near the 
surface, the error diminishes rapidly with successive removals. 
The alternate lapping and etching experiment summarized in 
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(Conditions follow: Wheel J-grade, medium strue- 

ture, vitrified bond, containing 48 per cent by volume of 46-grit white fused 

aluminum-oxide abrasive. Wheel speed, peripheral: 6000 fpm, idling. 

Traverse speed: 50 fpm. Crossfeed: 0.050 in, at each end of traverse, 
Grinding fluid: air.) 


Fig. 4 and the results of the lapping test to be discussed later 
indicate that the effects of the lapping reached equilibrium during 
the removal of 0.0002 in. or less of the ground surface and were 
Assuming 
that all the grinding stress in this layer is removed by lapping, 
the data in Fig. 8 can be corrected by disregarding all experi- 


confined to a laver not more than 0.0005 in. thick 


mental points up to a depth of 0.0002 in. and shifting the re- 
mainder of the points to correspond to 0.0003-in. greater depths. 
When this is done, the stress distributions in Fig. 9 are obtained 
by substituting in Equations {1 |] and [2] values of Ci(w), 
dC\(w)/(dw) and dC,(w)/(dw) derived from the corrected graphs. 
Dotted portions of the curves near the surface show qualitative 
trends indicated by the curvature versus depth data in this re- 
gion. The 0.0003-in. correction is probably more than ample 
since 0.0003 in, is the maximum depth of stress penetration ob- 
served in any lapping test and since the grinding stresses may not 
be completely obliterated to the maximum depth by the plastie 
deformation of lapping. 

Sectioning of the stressed layers of the specimens in the second 
grinding test by etching yielded the curvature versus depth 
curves in Fig. 10. 
Fig. 8 but quantitatively they differ in two respects 


Qualitatively, the curves resemble those of 
(a) Most 
important is the fact that the slopes obtained by etching are 
much smaller than those obtained by lapping for depths up to 
0.0002 in.; consequently, the stresses caleulated from the curves 
in Fig. 10 are much more reasonable than those calculated from 
Fig. 8 in this region. (1) Comparison of the slopes of the final 
straight-line portions of the curves in Figs. & and 10 indicates 
that the specimens in the second test had slightly different initial 
thermal stresses from those in the first. This is perhaps a result 
of the slight difference in stress-relieving procedures mentioned 
previously. Stress distributions calculated by substituting values 
of C\(w), Cow), dC\(w)/(dw) and dCy(w)/(dw) in Mquations [1] 
and [2] are shown in Fig. 11. Comparison with Fig. 9 reveals 
the close agreement in essential features between the stress dis- 
tributions obtained by the two methods of sectioning. 

The distributions in Figs. 9 and 11 emphasize the unequal bi- 
axial nature of the surface stress induced by surface-grinding 
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and reveal the value of examining both principal components 
simultaneously, These results, together with the observations of 
Martindale (6), concerning manual abrasion with emery cloth, 
and the findings of Henriksen (5) in his machining experiments 
point to the conclusion that the unidirectional cutting or abrad- 
ing of ferrous materials results in a residual biaxial stress distribu- 
tion in which the net force parallel to the direction of the tool or 
grit travel is always algebraically greater than the net force at 
right angles to the direction of travel. There has never been a 
single contradiction to this conclusion in the authors’ experience 
in surface-grinding and disk-grinding more than 200 specimens ol 
steel, both tool and structural, and in milling and shaping a 
limited number of tool-steel specimens. Such a general behavior 
can only mean that an important part of the residual stress in- 
duced by these processes is due to anisotropic plastie deforma- 
tion of the surface metal by the abrasive grits or the cutting 
tool. 

Figs. 9 and 11 also point out the fallacy in the expression ‘the 
tensile stress caused by grinding’? so frequently found in engi- 
neering literature. In all but one case, both o)(w) and o.(w) 
change sign at least twice as depth below the surface increases 
and, in those cases where it can be computed, Fig. 11, o2(1w) is 
compressive at the surface. The component o,(w) is a maximum 
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in tension at the surface, drops sharply to a minimum at a depth 
of about 0.0001 in., rises to another maximum in tension in the 
neighborhood of 0.001 or 0.002 in. and gradually decreases to- 
ward a limiting compressive value. The limiting value is believed 
to be due primarily to the initial thermal stress in the specimens 
plus a small elastic reaction to the grinding stresses nearer the 
surface. Glickman, Sanfirova, and Stepanov (3) found similar 
distributions in quenched and tempered high-chromium  stain- 
less steel] but their experiments with low-carbon steel did not 
reveal any minimum close to the surface. Frisch and Thomsen 
(4) also observed no minimum in their experiments with SAE 
1020 steel. It is quite possible that the magnitude of the stress 
fluctuation close to the surface is dependent upon the carbon and 
alloy contents of the steel and that the effect is either nonexistent 
in low-carbon steel or is too small to be detected readily. In 
this connection it should be pointed out that in Figs. 8 and 10 
many closely spaced experimental points were required within 
0.001 in. of the surface to establish the trend of the curves which 
gives rise to the minima in Figs. 9 and 11. 

Glickman, Sanfirova, and Stepanov (3) explain the minima 
in their stress curves by assuming that the metal close to the 
surface is heated above the upper critical temperature by grind- 
ing and remains there long enough for their sorbitic structure to 
transform to austenite, They also assume that upon cooling, 
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martensite is formed in the region where minima are observed 
and that the volume expansion accompanying the austenite to 
martensite transformation is sufficient to relieve the tensile 
stress which would otherwise exist as a result of heating the sur- 
face to a high temperature and quickly cooling it by heat transfer 
to the interior of the specimen. The tensile stress at the surface 
is attributed to failure of a part of the austenite to transform, 
thereby setting up a differential volume expansion with the more 
completely transformed metal immediately beneath it. 

A sixth specimen, ground simultaneously with the five for 
which data are presented in Figs. 10 and 11, was examined for 
evidence of the phase transformations discussed in the preceding 
paragraph. The average wheel depth of cut on this specimen 
was 0.00243 in. which is greater than on any of the other five. 
X-ray diffraction patterns of the ground surface showed no trace 
of austenite or martensite. Subsequent taper sectioning and 
metallographic examination completely substantiated the x-ray 
findings. Apparently, either the temperature of the surface did 
not rise above the critical during grinding or it did not remain 
there long enough to allow the fine spheroidized structure to 
transform to austenite. The lack of evidence for a phase transfor- 
mation casts serious doubt upon the ability of the mechanism 
proposed by Glickman, Sanfirova, and Stepanov to explain the 
stress distributions in Figs. 9 and 11. 

In view of the consistent inequality of o;(w) and o2(w) it seems 
unlikely that any explanation of the origin of residual grinding 
stress based solely upon thermal arguments can be complete. 
Plastic deformation arising either from differential thermal ex- 
pansion caused by temperature gradients near the area of con- 
tact of the wheel and the work or from allotropic transformations 
induced by the heating and cooling of the surface metal almost 
certainly would result in a residual stress which is isotropic in 
the plane of the surface. Since this is obviousfy not the case, 
the mechanism of stress production at least must be regarded as 
resulting from plastic strain eaused by both thermal and applied 
mechanical stress. 

Although the exact point at which the residual stress resulting 
from grinding joins the initial stress resulting from the heat- 
treatment of the specimens is difficult to ascertain because of the 
gradual blending of the two, it is obvious in Figs. 9 and II that 
the depth of grinding-stress penetration increases with increas- 
ing wheel depth of cut. For the particular steel and grinding 
conditions employed, the depth of penetration appears to be 
roughly five or six times the depth of cut, within the range ex- 
Along with the increase in penetration there is an in- 
Since this 


plored. 
crease in the net positive area under the stress curves. 
area is nearly proportional to the bending moment, it is this in- 
crease which determines the trend of the curves in Fig. 7 

The stress at the surface depends upon the depth of cut as illus- 
trated in Fig. 12. The principal stress parallel to the abrasive 
trajectory, o;)(wo), rises rapidly and appears to approach a limit- 
ing value with increasing depth of cut. The principal stress per- 
pendicular to the abrasive trajectory, o2(1), does not seem to be 
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particularly sensitive to depth of cut in the range tested. Fig. 
12 indicates that both o,(w») and o2(w») may have negative values 
which are appreciable for depths of cut of 0.0002 in. or less, other 
conditions being the same. 

In an auxiliary experiment, tensile tests were run on three 
standard 0.505-in-diameter cylindrical having a 
2.0-in. gage length. The tests were performed on a Southwark 
Tate-Emery tester. Strain was measured with an averaging 
recorded automatically on a Templin-type 
stress-strain recorder. Results of this experiment are summarized 
in Table 1. These data indicate rather strongly that the limiting 
value approached by o;(wo) in Fig. 12 is the bulk tensile strength 
of the steel. 
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TABLE MECHANICAL PROPERTIES OF ANNEALED MAN- 
GANESE OLAHARDE NING TOOL STEEL OBTAINED FROM TEN 
SILE TESTS 


i Yield strength at 0 2 Tensile strength, 
Specimen no per cent offset, psi pei 
1 46000 “7000 
2 47000 
3 49000 


The nature of the curves in Fig. 11 indicates an interesting 
possibility concerning steels which give grinding-stress distribu- 
tions of this type. 
to the surface may have a practical value if the advantages which 
are claimed in the literature for compressive stresses in connec- 
tion with the fatigue life of finished parts actually exist. Re- 
moval of a few ten-thousandths of an inch of metal can be ae- 
complished in a few minutes, leaving a surface which is compres- 
For example, in sectioning the test specimens a 


The region of biaxial compressive stress close 


sively stressed. 
5 per cent solution of nital removed metal at a rate of about 
0.00003 ipm; the action of higher concentrations and water 
solutions of nitric acid was more rapid. Strictly speaking, the 
curves in Fig. 11 represent the equilibrium stress before etching 
away any layers and not the stress in the new surface after re- 
moval; however, for depths in the neighborhood of 0.0002 or 
0.0003 in., the difference between the two is too small to affect 
the reasoning. 
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Lapping Stresses. Curvature measurements at periodic inter- 
vals ducing the lapping test 
of the lapped surfaces by etching resulted in the graphs shown in 
Fig. 13. The plotted points are averages of the curvatures along 
two orthogonal directions in the plane of Corre- 
sponding values for the two directions agreed within the estimated 
error of measurement, indicating that the test pieces were bent 


and during subsequent sectioning 


the specimen. 


spherically. As lapping progressed, the curvature decreased to a 


limiting negative value which was independent of both the length 


: = Ai « / 


| 
| 


of the test and the total amount of metal removed, ignoring small 
effects of the initial thermal stresses. Although the higher lap- 
ping pressure removed metal at a more rapid rate, the magnitude 
of the final equilibrium curvature resulting from it was slightly 
less than for the lower pressure. 

The lapping-stress distributions in Fig. 14 were caleulated by 
substituting in Equation values of and dC(w)/(dw) from 
those portions of the curves in Fig. 13 obtained by etching. 
The rectangularity of the distributions and the sharpness of the 
lower boundary of the stressed layer are somewhat idealized in 
the graphs; however, Fig. 13 indicates that the change in the 
slope dC(w)/(dw) is quite abrupt at the lower boundary. As a 
result, the stress distributions must have slopes in this region at 
least approaching the vertical portions of the curves as shown in 
Mig. 14. 
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It is apparent from the data that the stress induced by the 
particular lapping procedure tested is one of uniform compres- 
sion in the plane of the surface. It is nearly constant throughout 
a layer extending about 0.0002 in. below the surface and then de- 
creases sharply to a negligible value. Although the stress is 
quite high, the bending caused by it is small because of the 
shallowness of the layer in which the stress acts. The lack of 
directionality of the stress is a consequence of the directional 
symmetry of the abrasive trajectories across the surface but the 
freedom of the abrasive to roll and the lightness of the cut also 
may be contributing factors. It is not clear whether the pre- 
dominance of compression is due primarily to the gouging action 
of the loose abrasive or whether the shallowness of the cut is an 
important factor, as in the case of grinding with bonded abra- 
sives, Some evidence for the latter effect is seen in Fig. 14 
where the stress resulting from the higher lapping pressure, and 
presumably larger grain depth of cut, is less compressive than 
those resulting from the lower pressure between the specimen and 
the lap. Another effect of lapping pressure evident in Fig. 14 is 
the slightly greater depth of stress penetration in the specimen 
lapped at the higher pressure, 

CONCLUSIONS 

1 The stress resulting from surface grinding is biaxial. The 
principal stresses lie parallel to the surface and are oriented paral- 
lel and perpendicular to the abrasive trajectories. This behavior 
is not peculiar to grinding but seems to be true of all surfacing 
methods employing unidirectional cutting with fixed points or 
edges. 
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2 Residual grinding stress is a result of plastic deformation of 
the surface metal. Although temperature is a factor in deter- 
mining resistance to deformation, grinding stress is not due solely 
to deformation caused by thermal stress but to deformation 
caused by mechanical stress as well. 

3 The residual stress resulting from surface-grinding man- 
ganese oil-hardening tool steel fluctuates rapidly as a function of 
depth at distances very close to the surface. This may or may 
not be a general behavior of all steels under similar test condi- 
tions. 

4 Under the conditions employed in the grinding tests, the 
principal stress parallel to the abrasive trajectory in a layer ex- 
tending about 0.0001 in. below the surface increases with depth 
of cut toward a limiting value which agrees closely with the bulk 
tensile strength of the steel. The corresponding principal stress 
perpendicular to the trajectory is compressive throughout the 
range tested and does not vary appreciably with depth of cut. 
There is some indication that both stresses assume compressive 
values at wheel depths of cut of 0.0002 in. or less. 

5 The thickness of the layer plastically deformed by surface- 
grinding manganese oil-hardening tool steel increases with depth 
of cut and is five or six times the latter in the range tested. 

6 The residual stress induced by lapping with loose abrasive 
under conditions emploved in the lapping test is one of equal 
biaxial compression. The stress has a high compressive value 
throughout the plastically deformed layer which is 0.0002 or 
0.0003 in. thick, and drops sharply to a negligible value at its lower 
boundary. 

7 The so-called nominal stress is not a reliable indication 
of the true stress resulting from either grinding or lapping. 
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LETNER, SNYDER—GRINDING AND LAPPING STRESSES 


Discussion 


Ek. K. Henriksen.* The authors have shown how a carefully 
executed experimental method can disclose some important de- 
tails in the stress distribution. This is an excellent result and 
needs no further comment. 

Lihl, authors’ reference (10), tried to scare everybody who works 
with stresses, with his statement that it is impossible to remove 
metal by etching without producing new stresses, a very dis- 
couraging statement indeed. It is therefore very fortunate that 
the authors have shown in this paper that it is possible to remove 
layers of metal and still keep the stresses under perfect control, 
This eliminates one of the uncertain aspects of stress determina- 
tion. 

The other uncertain aspect is that of obtaining an initially 
stress-free test piece. 

The authors’ stress distributions (see Figs. 9 and 11) seem to 
indicate that the grinding stresses taper off into a “limiting stress”’ 
of the order of 5000-10,000 psi in compression, and they explain 
this limiting stress (partly at least) as an effect of the previous 
heat-treatment (for stress relief ). 

If this is correct, then it seems to be almost impossible to ob- 
tain a stress-free test piece. 

The writer questions this statement. 

It does not seem likely that a thermal treatment for stress relief 
should create compressive stresses in the interior, One should 
rather expect compressive stresses at the surface and tensile stresses 
in the interior, as found by Snyder, authors’ reference (11). 

In the opinion of the writer, the limiting stresses are essen- 
tially the balancing stresses that must appear in order to create 
an equilibrium with the grinding stresses. 

The information given in the paper offers two different possi- 
bilities for checking this opinion 

In the first place, by using the curves for grinding stresses 
shown in Fig. 11, it is possible to calculate the complete distribu- 
tion of the necessary balancing stresses, by using area and mo- 


DEPTH 


-7.22 


BALANCING STRESSES, Propucep BY GRINDING STRESSES 
(Depth of cut 0.00204 in.) 


Fig. 15 


ment. This has been done for the curve representing 0.00204-in. 
depth of cut, and the results are shown in the upper part of Fig. 
15 of this discussion. The resulting stresses are drawn into the 
original stress curve (the full line in Fig. 16, herewith). 

The balancing stresses contain a set of bending stresses, which 
should conform with the curvature data given in Fig 10 of the 
paper. The bending stresses, as calculated from Fig. 11, amount 
to + 4950 psi, while the curvature data give bending stresses of 


* Professor, Department of Materials Processing, College of En- 
gineering, Cornell University, Ithaca, N. Y. 


+ 5400 psi. The agreement is fairly satisfactory, but by taking 
the bending stresses from the curvature data, and using the area 
from the original stress curve in Fig. 11, it is possible to arrive at a 
new resultant balancing stress curve, as shown in the lower part of 
Fig. 15 and drawn with dotted lines in Fig. 16 of this discussion, 

Tt can be argued which of the two is the more correct one, The 


Fig. 17) Srresses (4), as Composep or 
CUTTING Stresses (1), BURNISHING STRESSES (2), AND THERMAL 
STRESSES 


difference is within LO per cent, and either one of the two values 
as shown in Fig. 16, offers a reasonable approximation to the origi- 
nal limiting stress. The discrepancy that still exists is of the 
order of 1000-2000 psi only, and in all probability can be ac- 
counted for by the experimental error, 

It seems therefore reasonable to assume that the authors’ test 
pieces for “second grinding test” have been essentially stress-free. 

The writer would like to suggest an explanation of the violent 
variations of the grinding stresses near the surface. 

Referring to Fig. 17 of this discussion, curve 1 represents 
stresses which are due to the mechanical cutting action of the 
abrasive grains, 

Curve 2 
burnishing effect, and curve 3 represents a highly concentrated 


represents a set of COM pressive stresses due to the 


ensile stress due to the heating of the surface of the workpiece 
during grinding. 

When the three curves are combined, they give curve 4, which 
has the same characteristic shape as the curves in Figs. 9 and 11 of 
the paper. 

There is no “qualitative” difference between curve Land curve 
3, and, therefore, it may be difficult to distinguish quantitatively 
between the mechanical and the thermal stress effect. 
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Autuors’ CLosuRE 


The authors are grateful to Professor Henriksen for the thor- 
oughness with which he has examined their paper and believe that 
those points upon which there is a difference of opinion can be 
satisfactorily clarified. While they appreciate his very compli- 
mentary remarks concerning the ability of their experimental 
technique to produce stress-free specimens, there are certain facts 
in the data which indicate that the particular groups of speci- 
mens employed contained uniform compressive stresses in the 
region of interest. 
bearing on the conclusions drawn concerning grinding and lapping 


They believe that these have no significant 


stresses and feel optimistic concerning the possibility of preparing 
specimens which are essentially stress-free. Subsequent to the 
work described in the paper, specimens have been prepared which 
exhibit only a few hundred psi throughout half their thickness. 
Such specimens are stress-free for all practical purposes but the 
small stress which they contain can easily be measured by the 
technique deseribed in the paper. 

The authors agree that the stress-relieving treatment results in 
compressive stress near the surfaces and balancing tensile stress 
Snyder (11) found that a specimen of the same 
steel, heat-treated in a similar way, exhibits a compressive stress 
from the surface to a depth of about 0.025 in. All of the stress 
distributions in Figs. 9 and IL lie well within this distance from 
the original surface of the specimens before grinding; conse- 
quently, one would expect to find compressive stresses resulting 
from the stress-relieving procedure immediately below the metal 
plastically deformed by grinding. 

Using the second alternative method mentioned by Professor 


on the interior. 


Henriksen and having the advantage of the original stress curves 
and the exact specimen thickness (0.213 in.), the authors calcu- 
lated the reaction stresses at the surface of the same specimen 
selected by Professor Henriksen and found them to be —7200 
psi parallel to traverse and -4800 psi perpendicular to traverse. 
The first figure agrees closely with Professor Henriksen’s corre- 
sponding value in the lower part of Fig. 15. At a depth of 0.017 
in, below the surface, the maximum depth at which o)(w) and 
6300 and 
At the same depth, the experimentally 
10,200 and 8300 
3900 psi parallel to traverse and -—4100 psi 
perpendicular to traverse still unaccounted for. 

A similar calculation for the specimen in Fig. 11 ground at a 
depth of cut of 0.00033 in. revealed that the reaction stresses at 
a depth of 0.011 in. are —100 psi parallel to traverse and +300 
psi perpendicular to traverse. 
o\(w) and o(w) are —-3800 and 3300 psi, leaving stresses of 
— $700 and — 4600 psi not accounted for, 

One ean further convince himself that not all of the stress near 
the ends of the distribution curves in Figs. 9 and 11 is reaction to 
residual grinding stress nearer the surface by studying the curves 
in Figs. 8 and 10. If a specimen is completely stress-free before 
grinding, it will again be completely stress-free after all the 
metal containing grinding stresses has been removed. 


ow) were measured, the corresponding values are - 

1200 psi, respectively. 
determined values of o,(w) and o.(w) are - 
psi. This leaves - 


The corresponding values of 


Its curva- 
ture will again be zero and remain so as successive layers are re- 
moved, This is obviously not the case in Figs. 8 and 10 where 


JULY, 1953 


the terminal slopes of the curves attest to the removal of stresses 
still present in the specimens. 

The reasoning in the preceding paragraph suggests another 
method for determining the reaction stresses, Equations [1] 
and [2] give the principal stresses at any level w in the specimen 
before any layers are removed. In a specimen which is stress- 
free prior to grinding, these stresses will consist only of the grind- 
When the layer containing 
the grinding stresses has been completely removed, all of the 
Since 


ing stresses and the reaction stresses. 


stresses given by the equations are reaction stresses. 

C\(w), Cow), dC\(w)/dw and dC.(w)/dw are then zero, the only 

nonzero terms remaining in Equation [1] are 


py?) - Aw) [Ci(wy) + wy)| 


/ [(Ci(z) + 


These, and similar terms of Equation [2], ean be used to calculate 
the reaction stresses. 

If one makes such calculations for all the specimens in Fig. 11 
and compares them with the corresponding values of o,(w) and 
o.w) at depths corresponding to the ends of the experimental 
curves, he finds unaccounted-for stresses ranging from —3500 
to —5100 psi. Moreover, he finds that for each specimen the 
components of these stresses parallel and perpendicular to tra- 
verse agree with each other within 200 psi. Because of the gen- 


at corresponding depths in a similarly heat-treated specimen and 
the very close agreement of the components in mutually per- 
pendicular directions, it is believed that these are residual thermal 
stresses, resulting from the stress-relieving treatment, which still 
exist in the specimens. 

The authors find Professor Henriksen’s suggested synthesis of 
grinding stresses stimulating. 
the contributions of thermal and 


Attempts to completely separate 
mechanical stresses to the 
residual! grinding stress are difficult because of the temperature 
dependence of the flow strength of steel. 
show that temperatures in the transformation range of steel can 


Auxiliary experiments 


be reached in the area of contact between the wheel and the work 
during severe grinding and it is reasonable to assume that tem- 
peratures approaching this are attained under less severe condi- 
tions. This alone produces an instantaneous compressive stress 
well above that required for plastic flow. An approximate cal- 
culation shows that the temperature gradient is steep and that 
the thermal stress sufficient to cause flow decrenses rapidly with 
depth. Whether it is as shallow as indicated by curve 5 of Fig. 
17 or extends to the depth indicated by curve | is not clear. 
Although the stress distributions resulting from the use of dif- 
ferent grinding conditions are qualitatively similar, extension of 
the work described in the paper to the study of other parameters 
shows that prominent features of the distribution curves are more 
The authors be- 
lieve that a systematic study of all the parameters involved can 


sensitive to some parameters than to others. 


lead to a more satisfactory explanation of the origin of grinding 
stresses and to better control of them in commercial practice. 
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Workpiece and Surface Temper atures 
In 


By A. 


The temperature gradient in a workpiece while being 
milled and the of very high instantaneous 
surface temperatures during the cut have been deter- 
mined experimentally. It has been proved in many tests 
and often can be observed visually that tool tips frequently 
fail because of the very high temperatures attained near 
the cutting edge. 


existence 


ECENT investigations have shown that metal cutting in- 
volves many unique and complex problems of heat flow, 
temperature distribution, friction, and behavior of metals. 

This paper reports mainly the state of workpieces with respect 
to sensible heat. The temperature gradient in workpieces 
while being milled and the existence of very high instantaneous 
surface temperatures during the cut have been determined experi- 
mentally. 

Work done in a metal-cutting operation can be measured in the 
form of heat in the workpiece, chips, and tool. Most of the heat is 
in the chips, but usually from 5 to 30 per cent of the total heat 
goes into the workpiece with the greater percentage occurring at 
lower speeds. It has been proved in many tests and often can be 
observed visually that tool tips frequently fail because of the very 
high temperatures attained near the cutting edge. However, ex- 
cessive temperatures in the workpiece are seldom noticed in 
casual or general observations, but special tests confirm that high 
instantaneous temperatures occur in the machined surface of a 
workpiece during the machining process, 

In these and prior tests (1),? when measuring the surface tem- 
perature of equal-sized steel workpieces with a manually operated 
external ‘‘Alnor’’ low-range thermocouple immediately after a 
milling cut had been taken, it was found that a number of factors 
entered into what then was determined as the surface tempera- 
ture. Cutting speed and feed had the main influence upon the 
surface temperature. Increases in either the cutting speed or the 
feed led to decreases in the workpiece-surface temperatures after 
the cut. Rake angles also had « certain effect on these tempera- 
ture readings. Negative rake angles, which require more power 
than angles under identical 
caused higher surface temperatures and more deformation of the 


positive otherwise conditions, 
microstructure near the surface of the workpiece than did positive 
rakeangles (2), Figs. land 2. Average chip temperatures would also 
increase with a finer feed or greater negative rake angle 
The workpiece temperature, obtained with a surface 


as shown 
in Fig. 3. 
thermocouple after a cut had been completed, was influenced by 
the size, specific heat, and heat conductivity of the workpiece and 


Research Engineer, Kearney & Trecker Corporation. Mem. 
ASME. 

? Numbers in parentheses refer tothe Bibliography at the end of the 
paper. 

Contributed by the Research Committees op Cutting Fluids, and 
Metal Cutting Data and Bibliography, and Production Engineering 
Division and presented at the Annual Meeting, New York, N. Y., 
November 30-December 5, 1952, of THe American Society oF 
MecuHanicaL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, October 
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holding devices. Only average workpiece-surface temperatures 
existing several seconds after the surface had been formed were 
measured previously, because of the difficulties encountered in 
trying to determine the magnitude of the instantaneous tempera- 
tures during the cut (3). Ordinarily, larger workpieces dissipate 
the heat of cutting very rapidly and no effects seem to be visible, 
but temper colors often appear on very thin sections of machined 
surfaces. However, since more heat and greater temperature in- 
creases are produced by finer chips, as has been measured in 
milling, drilling, and turning tests, still higher temperatures are 
therefore encountered in grinding and similar operations. In 
practice, it has been observed that buffing can draw the temper of 


the surface of hardened-steel workpieces, o ewe 
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TEMPERATURE GRADIENT IN WORKPIECE 


‘The main object in the tests reported here was to determine ex- 
perimentally as closely as possible the maximum temperature 
occurring in or near the surface of a workpiece while it was being 
milled. Temperature readings were taken at several different 
levels in the workpiece as seen in the test arrangement shown in 
Fig. 4. The test bar had a slot in the center where the thermo- 
couple P indicated the temperature as the tool cut through the 
workpiece material. As was to be expected, the temperatures re- 
corded were highest when the surface being cut was closest to the 
thermocouple. The general distribution of maximum tempera- 
tures in a workpiece during and shortly after machining is illus- 
trated in Fig. 5. For the last cut the thickness of the remaining 
layer was only 0.025 in., Fig. 4, and the potentiometer used did 
not respond fast enough to indicate the peak temperatures which 
were consequently obtained with temperature-indicating crayons. 
When the distance S was 0.125 in. or greater, a time lag always 
oceurred before the maximum temperature was attained. 

The highest temperature reading at P during the first cut, for a 
distance S of 0.750 in., was obtained 8 sec after the tool had 
finished machining the surface of a steel test bar. As the cutting 
tool approached closer to P the temperature increase was ob- 
tained in a progressively shorter time. Because of better heat- 
conducting properties, these elevated temperatures were reached 
sooner in nonferrous materials than they were in steel. When 
steel test picces of SAE 1030 were milled at speeds above 400 
fpm, blue temper colors were visible on the underside of the 
0.025-in-thick layer after the last cut. Therefore temperatures 
were high enough and existed for a time sufficient to produce 
temper colors in the thin sections of the test bar and to change the 
colors of temperature-indicating crayon marks. The potentiome- 
ter responded too slowly at this point to indicate a temperature 
anywhere near the maximum surface temperature in the work- 
piece, the temperature gradient being very steep in the shallow 
subsurface region. Only when the temperatures farther away 
from the surface were measured was it possible to use this thermo- 
couple equipment with better accuracy, sinee it took a number of 
seconds before the maximum temperature was reached. This 
meant that an entire section of the workpiece had been heated 
up. Since a general temperature rise throughout a workpiece is 
caused by the cutting action, the tool can be considered as a heat 
source, This heating action of the tool can be reproduced by a 
heating element adjusted to obtain temperatures in the work- 
piece similar to those recorded during an actual metal-cutting 
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In the next series of tests, an oxyacetylene flame mounted on a 
carrier which moved at the same feed rates as used in machining 
was employed to simulate the heat-producing action of a tool. 
The maximum temperature in Figs. 6 to 15 is the temperature, 
measured at the workpiece surface of an oxyacetylene flame 
or the gaseous layer beneath it which caused a temperature 
gradient in the workpiece similar to that produced by the cutting 
tool. The test bars, '/2 X 1'/e X 4 in., were made of SAE 1090 
(170, 311, and 387 Bhn), gray cast iron, free-machining brass, 
aluminum, and magnesium. On these graphs are plotted the 
temperatures measured at various distances from the surface 
In most cases each plotted point is the average 
of three tests made with The three-bladed 
cutter used for the tests plotied in Figs. 6 to 15 had a 6-deg nega- 
tive primary radial rake 0.020 in. wide at the cutting edge of the 
carbide blades which were placed at a 15-deg positive radial rake 
angle in the cutter body. The peripheral clearance angle was 6 
deg, the face-relief angle 3 deg, the face-clearance angle 5 deg, and 


being machined. 
a sharp cutter. 


the face cutting-edge angle | deg. 

With a test bar '/2 in. wide the heat flow was not influenced 
unduly by the cooler holding devices. Comparative cuts were 
taken on test specimens of various widths up to Lin. On test bars 
wider than '/, in. the temperatures were almost equal, while 
on those narrower than '/, in., the temperatures were lower be- 
cause the heat was conducted away at a faster rate by the rela- 
tively cold vise jaws. However, when test pieces '/s in. wide 
were insulated from the vise jaws the temperatures measured were 
higher, but not as high as those for '/,-in. or larger thickness, — 
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~ Workpiece temperatures as recorded when cutting SAE 1030 
test bars of 180 Bhn at a cutting speed of 328 fpm are shown in 
Fig. 6. The solid line indicates the temperature of a test bar '/, 
in. wide while the dotted line represents temperatures of a test bar 
Values for test bars of '/2 in., °/s in., and 4/,in. width 
The graphs, Figs. 7 to 15, are for test 


in. wide. 
fell between these curves. 
bars '/. in. wide. 
Test results when milling SAF 1090 test bars of 170, 311, and 
387 Bhn under identical conditions, are presented in Figs. 7, 8, 
Each data point plotted in Fig. 7 is the average of six 
That the data in Fig. 8 are almost the same as those in 


and 9, 
tests, 
Fig. 7 suggests the cutting action must have been very similar 
despite the difference in hardness. The highest temperature in- 
creases, Fig. 9, were measured when cutting the same steel at 387 
Bhn. In all the tests shown in Figs. 7, 8, and 9, the cutting speed 
was 500 fpm, and the feed 25 ipm or 0.0055 in. per tooth. 

Fig. 10 shows the 
cutting speed of 80 fpm and a feed of 0.0055 in. per tooth, all con- 
ditions, excepting speed, being the same as for the tests plotted 


temperature values obtained at a lower 


in Fig. 7. 
heats up much more during the slow cut, because a greater quan- 
tity of heat can flow from the shear zone to the workpiece. It 
should be noted that the workpiece temperature closest to the 
surface and the indicated maximum surface temperature were, 


The temperatures obtained indicate that the workpiece 
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slow-moving oxyacetylene flame was mounted some distance away 


however, much lower than they were at the higher speed. 


from the workpiece to cause the same temperature rises as the 
cutter at 80 fpm cutting speed. In Fig. 11 are shown two tem- 
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perature curves obtained for lower and higher cutting speeds, all 
other conditions being the same. 

The temperature of the workpiece surface can be attributed 
mainly to the work done or heat evolved in forming the chip from 
the workpiece. When the tool begins to remove a chip, the metal 
in the chip and also in a thin layer in the workpiece is deformed 
simultaneously. This plastic deformation is the largest part of 
the work required in removing a chip from a workpiece and most 
of the work done in a metal-cutting operation occurs therefore as 
heat in the chip. An additional, but much smaller, source of 
the heat in the chip is the friction between the tool and chip which 
The 
amount of heat in the chip constitutes, as a rule, between 50 and 
75 per cent of the totai heat in chip, tool, and workpiece together, 
The smaller figure of 50 per cent applies to the lower speeds; the 
heat in the chips increases to 75 per cent at about 200 fpm (4). 
At the lower speeds a measurable part of the heat from the shear 
zone is transferred by conduction to the workpiece since there is 
Less of this happens at higher 


occurs as soon as the chip begins to move over the tool. 


contact for longer periods of time. 
cutting speeds, 

Temperature values as obtained when milling gray cast iron 
are shown in Fig. 12. The effect of a worn cutter when milling 
248-T aluminum alloy is shown by the dashed line in Fig. 13 in 
comparison to the temperatures obtained with a sharp cutter as 
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indicated by the solid line. In this case the wear could be con- 
sidered minor and no difference in the cutting action had been 
Free-machining brass, which 


has generally lower power requirements, also registered low tem- 


noticed by ordinary observations. 
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hic. 16 Too.-Tiep Temperatures as INFLUENCED BY CHANGES IN 
CUTTING SPEED AND Freep WHEN TurRNING MAGNESIUM 


CUTTING TIME MINUTES 


peratures in the workpiece as can be seen in Fig. 14. Magnesium 
alloys are usually exceptionally easy to machine and this was con- 
firmed by correspondingly low values of workpiece temperature 
measurements, Fig. 15. Although the maximum surface tem- 
perature as plotted for milling magnesium alloys is low in com- 
parison to those for the other materials, it is much higher than the 
temperature measured near the tip of a lathe tool, Fig. 16, 
machining the same material at a comparable speed and feed (5) 


COMPUTATION OF TEMPERATURES 


Quantitative values of metal-cutting temperatures have been 


calculated by Shaw (6) based on the analysis of a moving heat 
source by Blok (7) and Jaeger (8). Another procedure to calcu- 
late metal-cutting temperatures as influenced by speed, feed, and 
physical properties of tool and workpiece materials has been pro- 
posed by Loewen (9) postulating a stationary and a moving heat 
source, 

From a consideration of the brutish separation of the chip 
material from the workpiece, and the diminishing amount or de- 
gree of deformation at points successively further away from the 
surface, it can be concluded that a temperature gradient or dif- 
ferential exists across the depth of the deformed layer imme- 
diately following its formation. Although the exact manner of 
temperature distribution is not known, it is possible to make 
simple computations based on an average uniform temperature 
assumed to exist across this comparatively thin layer imme- 
diately after machining. 

In x-ray diffraction investigations (2), the depth of penetration 
of plastic deformation beneath the surface of a milled workpiece 
was found to be several thousandths of an inch, varying with the 
rake angle. Under the specific test conditions—590 fpm cutting 
speed, 0.005 in. per tooth feed, 0.100 in, depth of cut, and 6-deg 
negative rake angle—the affected surface layer was 0.004 in. 
deep. 

It has been established in correlative tests that, of the total 
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capacity, 
Cm, 
Btu/ib 
deg F 
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168 
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Density, 
Material Hp min 
SAE 1030 
SAE 1090, 170 Bhn 
SAE 1090, 311 Bhn 
SAE 1090, 387 Bhn 
Cast iron 
Brass 
Aluminum, 248-T 
Magnesium alloy. . 


COMPUTED VALUES OF 
(For cutting speed of 590 fpm, feed 0.0055 in. per tooth) 


-—— Total energy 


S87 


work expended in a metal-cutting operation under conditions 
similar to those existing in these tests at 600 fpm cutting speed, 
approximately 10 per cent of the entire energy is confined to the 
workpiece in the form of heat. All of this machining heat in 
the workpiece must be contained initially in the thin deformed sur- 
face layer for a short period of time before dispersing itself to the 
cooler metal beneath. Thus it is possible to compute for this 
laver a maximum average temperature which, athough lower than | 
the instantaneous surface temperature, at least provides an indi-— 
cation of the magnitude of that temperature, e.g., higher than 
tool-tip or surface temperatures measured during the cut 
If the heat existing for a short period of time in a very smal! 
segment of the cold-worked surface layer completely insulated 
is considered, the results of the temperature computation will 
be the same. 

If the surface layer is taken as a body of weight W having a 
mean heat capacity c,,, an initial temperature 4, and a maximum 
average temperature (, after introduction of a quantity of heat Q, 
then 


or 


Q = We,At 


where 


Hence 


At =i(,—t, 


Dara anp Compurations ror SAE 1030 Sree. 
For convenience, all computations are based on | cu in. of steel 
machined: 
0.165 Btu/ib deg F 
Volume of surface layer in relation to 1 cu, in. of chips 
(0.004 in. )(0.5 in.)(20 in.) = 0.040 cu in. 


Heat capacity at 2250 F, ¢,,.. 


Weight of surface volume, W P 
(0.040 cu in, (0.282 Ib/cu in.) = 0.0113 Ib 
Total work (0.06 hp/cu in./min cu in.) = 0.96 hp min 
Total equivalent heat 
(0.96 hp min )(42.41 Btu/hp min) = 40.71 Btu 


Heat in workpiece, Q . (0.10)(40.71 Btu) = 4.07 Btu 


Average maximum temperature rise in surface layer 


1.07 Btu 
= = —- = 2183 
(0.0115 1b)(0.165 Btu/lb deg F) 


Average maximum temperature in surface layer 
tp = t + At = 70 F + 2183 F = 2253 F 
The computation of Atinvolves a preliminary selection of pub- 
lished values for ¢, until f, and the temperature at which c_, was 
determined are in reasonable agreement (see Table 1). 
It will be noted that the computed temperature values listed in 
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the last column of Table 1} 1an the flame tempera- piece can be considered as being mainly part of that heat caused 
tures, This is understandable, since in adjusting the flame so as by the tool through deformation in and around the shear zone 
to duplicate the thermocouple temperatures obtained in machin- — while forming a chip as illustrated in Fig. 18. However, as soon 
ing, heat was introduced into the workpiece through a much as the cutting edge begins to wear, the relief angle will be de- 
larger area of contact than was the case with the cutter and, there- — creased and additional heat will occur in the workpiece due to 
fore, the flame temperatures would be lower. If as a substitute friction, Fig. 19. Rate of wear at the cutting edge usually in- 
for the cutting tip a smaller heat source, more closely resembling creases with harder and tougher workpiece materials and at 
in size the heat-producing action of the cutter, could have been higher cutting speeds. Generally, workpieces are large enough to 
used, its temperature would have had to be greater in order to x 
introduce a comparable amount of heat into the work. 
The high temperatures suggested in this paper are not ordina- 
rily noticed or measured since they are flash temperatures ac- 
companying the generation and transfer of comparatively small 
quantities of heat which are generally quickly distributed CHIP SURFACE 
throughout the large volume of the workpiece. po CONTACT WITH TOOL FACE 
The temperature of the workpiece (/,, Fig. 5) in the last pass vag 


across a 0.025-in. thickness was determined with a fair degree of 
aecuracy and it can be stated safely that the temperature ft, on 
the surface must have been still higher. This can be verified by 


computing the maximum average temperature for the 0.025-in- 

thick remainder of the workpiece by the foregoing method of 

thermal balance. These computed temperatures in all cases will 

be greater than those determined experimentally. Fie. 18 Picture During Continuous Cuip Formation 

Such high surface temperatures also were determined in the ex- With Suare Toor 

periments of Bowden and Ridler (10) in which a rotating ring of 
mild steel was in contact with a stationary cylinder made of 
another metal having a melting point lower than that of steel, 
The maximum temperature, obtained with the thermocouple thus 
constituted by virtue of the dissimilar metals in contact, was the 
melting temperature of the metal having the lower melting point. 
This melting temperature could be obtained either by increasing 
the load on the cylinder at a definite speed or by increasing the 
speed while maintaining the load constant. Once the melting tem- 
perature had been reached the temperature would remain at that WORKPIECE SURFACE 
point whether speed or load was increased further. These tests are 


CHIP SURFACE iN 
CONTACT WITH TOOL FACE 


have a definite relationship to a metal-cutting operation because 
two dissimilar metals, the tool and workpiece, are engaged in rela- 
tive sliding movements at high speed and tremendous pressures. 
Fig. 17 is an illustration of the general location of heat sources in 

Pic. 19) Picture During Continvous Cure Formation 


absorb the heat of machining without detriment. Only when 
thin-walled sections or tough materials are machined at cutting 
speeds sufficiently high to entail more rapid tool wear, will the 
heat in the workpiece become troublesome. In such eases lower 
a2. cutting speeds, more positive rake angles, and abundant applica- 


tion of coolants can prevent warpage and distortion. 


CONCLUSIONS 


Instantaneous workpiece-surface temperatures, which are 
much higher than measured tool-tip temperatures, can occur in a 
metal-cutting operation, 


The surface temperatures depend upon the workpiece material 
being machined; those materials which require more power 
under otherwise identical conditions of speed, feed, depth of cut, 
chip and workpiece. The tests reported here, in which the tool and tool angles also will have higher temperatures at the surface 


hie. 17) Heat Sources Durine Carp Formation 
(1, due to compression; 2, due to friction; 3, due to tear; 4 due to shear.) 


material was tungsten carbide having a higher melting point than — and in the workpiece. 

any of the workpiece maierials, indicate that at the workpiece The maximum surface temperature is lower with decreased 
surface an instantaneous temperature exists which can be close — cutting speeds, but at the same time the temperatures within the 
to the melting point of the workpiece material, workpiece are higher because a larger percentage of heat flows into 

The amount of heat in the workpiece has been computed by — the workpiece at the slower rate of separation of chips. 

Chao and Trigger (11). Their analysis pointed out that the heat Extremely high cutting speeds in steel milling and in machining 
in the workpiece will decrease with increasing cutting speeds, of other high-strength materials cause rapid deterioration at the 
This has been confirmed experimentally with sharp cutters. As cutting edge and therefore very high temperatures at the ma- 
long as the tool remains sharp the amount of heat in the work- — chined surface, which often results in warpage of the workpiece. 
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Discussion 


W. W. Gitperr.* 


bution to metal-cutting literature by introducing an equivalent 
An oxyacetylene 


The author has made a noteworthy contri- 


heat source in place of the actual cutting tool, 
flame, moving at the same rate as the milling cutter, is adjusted to 
give temperature distribution in the workpiece similar to that ob- 
tained when milling. The surface temperature found by this 
equivalent heat method compares favorably with the computed 
values of temperatures except when cutting brass, aluminum, and 
magnesium alloy. It would be desirable to know more details on 
the type of oxyacetylene flame used since a relatively broad, lower- 
temperature flame would give considerably different surface tem- 
peratures than a concentrated flame. 

Most temperature studies have been made of the temperature 
between the tool and the chip. It is pleasing to see the tempera- 
ture on the workpiece investigated since this temperature has a 
direct influence upon the properties of the surface of the part be- 
ing machined, 

In the computations of the maximum average temperature 
rise, it would appear that a deformed layer on the surface of the 
metal having a thickness of 0.004 in. was used for the computa- 
tions of heat for all of the materials listed in Table 1 ofthe paper. 
Since the chip formation is considerably different for steel, brass, 
and magnesium it would appear that the depth of the deformed 
surface would be different for these materials, and therefore the 


computed temperatures should vary also. It would be of interest 


3 Professor of Production Engineering, University of Michigan, Ann 
Arbor, Mich. 
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SSY 
to know if the author’s studies of depth on deformed surfaces have 
shown any variations between different types of materials, 

In Figs. 13, 18, and 19 of the paper it has been shown that the 
dulling of a cutting tool affects the workpiece temperature. This 
would indicate that rubbing on the flank of the tool has a definite 
influence upon work at the point of the tool and the subsequent 
temperature. It would be of value to our metal-cutting seience 
to have this type of analysis further investigated, since most of 
the previous work has considered only the work and temperatures 
of shear, and of friction between tool and work, 

V. Pascukis.4 The problems of heat generation and tempera- 
ture distribution in cutting operations are of great Unportance 
but difficult to solve. Change in thermal properties and change 
of geometric configuration are but two of the factors involved 
which make computation difficult. The rapid change of tempera- 
ture, the steep temperature gradients, and the difficulties of sur- 
face-temperature measurements make an experimental approach 
difficult, 

Therefore, any attempt at an analysis, such as the one pre- 

The writer would like to 
The author states that the 


sented in this paper, is most welcome. 
take exception to one concept only. 
heat in the workpiece due to machining must be contained ini- 
tially in the thin deformed layer. 

Heat is generated at the surface continuously during the cutting 
operation; this heat generation results, of course, in an increase in 
Disregarding the heat loss to the surround- 
ing air, the heat generated at the surface flows into the workpiece, 
heating first the thin deformed layer; but as soon as its tempera- 
Thus at 
no time will the heat due to machining be contained in the de- 


surtace temperature, 


ture rises, heat flows to lavers deeper in the workpiece, 


formed layer. If this concept of the author must be discarded, 


the corresponding correlations do not hold 


K. J. Triacer® anp B. T. Cuao.* 
another interesting and thought-provoking paper on the prob- 


The author has presented 
lems of heat in metal cutting. Such a study is of definite in- 
terest because residual stresses existing in a machined surface are 
influenced not only by the mechanism of plastic deformation but 
The method of simulating 
cutting-tool heat effects by means of a torch is intriguing, and it 
This paper, 
like many previous publications by the author, contributes to the 


also by the temperature gradient 
suggests other means of studying the heat problem. 


basie information on the heat-flow phase of metal-cutting science 

That the average chip temperature increases with finer feeds is 
readily confirmed by consideration of the fundamental aspects of 
chip formation. Limiting the ease to the formation of a type-2 
chip (a built-up edge introduces continually varying conditions 
in chip formation), a decrease in feed increases the shearing strain 
significantly; over 35 per cent as the feed is decreased from 0.0126 
ipr to 0.0025 ipr in lathe turning.  Sinee the temperature rise at 
the shear zone is proportional to the shearing strain, and since 
most (75 to 90 per cent) of the total heat in the chip is due to chip 
shear, it follows that the average chip temperature increases with 
a decrease in feed. Similarly, a decrease in cutting speed in- 
creases the amount of shear-zone heat because of the increase in 
shearing strain. Since there is more shear-zone heat, and since 
more time is allowed for heat transfer to the workpiece, one would 
expect Laore heat Li the workpiece at lower speeds and/or teeds 
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It is gratifying to note that the author's experimental results 
reveal that an extremely steep temperature gradient usually 
exists momentarily at the surface of the workpiece, and that in- 
creases in cutting speed and/or feed decrease the proportion of 
total heat which goes into the workpiece. 

With reference to the calculation of surface temperatures as re- 
ported in Table 1 of the paper, there are some speculative points 
which need further discussion, The writers are aware that the 
author considers some of the assumptions to be of questionable 
validity and they offer the following comments as suggestions: 

It was assumed that the deformed layer on the workpiece sur- 
face and the thermal layer were of the same thickness and that a 
uniform temperature existed across this layer immediately after 
machining. Thermal energy in a metal manifests itself by vibra- 
tion of the atoms within the lattice and by vibration of the lattice 
asa whole, This vibrational response to an energy input is vir- 
tually instantaneous, of the order of 107" second. The specific 
heat of a metal is a measure of the number of ways by which it can 
absorb energy, including transformational effects as well as vi- 
brations. It follows, then, that the temperature rise caused by 
plastic deformation is virtually coincident with the deformation, 
and that the specific heat varies continuously and instantly over 
the temperature range involved. This interpretation has been 
employed by the writers in a previous paper.’ 

As a consequence of the foregoing argument, it is reasonable to 
consider the deformed layer and the thermal layer to be the same, 
but only in so far as the heat due to workpiece deformation is con- 
cerned, Whether it is equally reasonable to assume that a uni- 
form temperature exists across the thin layer of deformed metal, 
depends upon the uniformity of plastic deformation. 

If the workpiece is heated entirely by deformation work ex- 
pended in the surface layers, the author’s assumptions are justi- 
fiable. However, he states that 10 per cent of the total work in 
cutting goes into the workpiece and cites previous results derived 
from drilling tests on magnesium alloys. To what extent this 
same proportion is applicable to cast iron, brass, aluminum alloys, 
and steels is not known accurately, Furthermore, in discussing 
the milling results of SAE 1090 steel bars of various hardness, the 
author offers the explanation, “The temperatures obtained indi- 
cate that the workpiece heats up much more during the slow cut, 
because a greater quantity of heat can flow from the shear zone to 
the workpicce.”’ This means that the temperature rise of the 
workpicce material is, in part, due to the flow of heat from the 
source at the shear zone. Hence, in the author's interpretation, 
deformation work expended in the thin surface-layer material 
constitutes only a part of the sensible heat in the workpiece. Asa 
the author’s assumption 


consequence, calculations based on 
necessarily must be in error to an extent not answerable at 
present. 

Huxley once said that what one could get out of the mathemat- 
ical mill depended solely on what one puts into it. This appears 
to be the case in the computations of the surface-layer tempera- 
tures as listed in Table 1, Consider the foregoing comments re- 
garding variability of the specific heat in the sample calculation 
for 1030 steel. The specific heat is taken as 0.165 Btu/lb deg F 
at 2250 F. This is, according to the Metals Handbook,’ the 
specific heat of gamma iron at 2192 F and does not represent the 


conditions existing during the heating from room temperature of 
™An Analytical Evaluation of Motal-Cutting Temperatures,” 


K. J. Trigger and B. T. Chao, Trans., ASME, vol. 73, 1951, pp. 57-68. 
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the surface layer. If one uses the varying specific heat and in- 
cludes transformational effects (where the specific heat is mo- 
mentarily infinite), the maximum surface temperature in the sam- 
ple computation is approximately 1920 F. The effect of such 
considerations in the specific heat is evident in Table 1 where the 
reported surface temperatures in the harder steels and in 
the aluminum and magnesiwn alloys are considerably above the 
melting point (in some cases about 400 F) of the alloy. 

Two other points are suggested for further study. More quan- 
titative data are needed on other materials and cutting conditions 
in so far as the proportion of heat to the workpiece is concerned, 
and additional work is necessary concerning the thickness of the 
affected workpicce layer. It docs not appear that all metals 
are affected to the same depth because of varying mechanical 
properties and chip-formation characteristics. 

The writers question the significance of Fig. 16 of the paper, 
since it represents results obtained under conditions entirely dif- 
ferent from those present during metal cutting. A temperature 
extrapolated from a measured value 0.060 in. from the source of 
heat under cutting conditions with an extremely steep tempera- 
ture gradient is a hazardous procedure, 

In summary, the writers feel that the author has contributed 
another important paper to metal-cutting science. The existence 
of “flash”? temperatures is a real probability, though it might be 
argued that the existenee of such high temperatures, even for a 
short time, would result in reerystallization of the distorted and 
work-hardened surface and therefore would remove the efforts of 
such plastic deformation. Metallographers have estimated that 
the surface layers of specimens of steel may attain temperatures 
of 1000 deg C (1832 F) during the polishing operation. Thus the 
existence of flash temperatures of a comparable magnitude in the 
workpiece surface during machining are not unexpected. The 
author has presented a number of challenging problems, the solu- 
tions of which will lead to a better understanding of metal-cutting 


science, The writers offer their warm congratulations. 


Autuor’'s CLosurRE 


The comments in the discussion are highly appreciated since 
they are helpful in an understanding of the scope of this experi- 
mental investigation. While we speak generally of metal cutting, 
experimental data can be accepted only within definite limits and 
generalization can be made only within clearly stated boundaries. 

Professor Gilbert correctly pointed out that the depth of de- 
formation should be different for various materials. This was 
not considered in the computation for temperatures since we did 
not have enough values for the depth of deformation of all 
materials used in these milling tests. The 0.004 in. depth of 
deformation is for mild steel at the speeds and feeds used. These 
computations for maximum temperature were carried out and 
included in the paper only because they did come close to the 
oxyacetylene-flame temperatures in the “equivalent” heat source. 
Although these experimental and computed temperature values 
can be disputed, this report attempts to show heat and tem- 
perature relations in a metal-cutting operation not considered 
before. It is hoped that some better analysis, e.g., by Dr. 
Paschkis on the Heat and Mass Flow Analyzer, will be carried out 
to ascertain more accurate numerical values of these phenomena. 

Professors Trigger and Chao also made a valuable contribution 
to this paper by their discussion. Their statements further indi- 
cate how much more we still have to learn about the whole 
problem and the methods of attack. 
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: 73 Creep of Neoprene in Shear Under 
~ Static Conditions; Ten Years 
By W. NEWLIN KEEN; WILMINGTON, DEL. 


This paper, representing more than a decade of research 

on the static creep of neoprene vulcanizates, supplements co-ordinates. The effect of such co-ordinates in condensing: 
a previous paper by the author. The test procedure is the time scale makes it difficult to assess properly the value. 
given, and the effects of composition, age, andtemperature — of tests in which the important variable is the length of time of - 
on the creep characteristics of the vulcanizates are re- the testing period. Therefore the long-time creep data are 
ported. The author’s data indicate that neoprene vul- plotted as per cent relative creep versus time, using rectangular — 
canizates can be designed with creep-resistant properties — co-ordinates. 

equal to or superior to those of natural rubber. 

SAMPLE BEING TESTED 
INTRODUCTION 


N 1945 the author presented a paper? showing the results of 7 - 
static creep tests conducted at room temperature extending m 
over a period of 3 years, 9 months. That report shows how 
BAR 


the creep in shear of neoprene vulcanizates, in the hardness 
range of 40 to 60 durometer (Shore Type A), is influenced by: | 


T 


1 Degree of vuleanization. iT 
1G, ESTING APPARATUS 


€ 


Preconditioning in shear at elevated temperatures, 


3 Change in composition. ad 


These tests have been continued, and this paper presents the 
results obtained during a period of nearly 11 years. The ef- 
fects of natural aging for this period of time on some of the 
mechanical properties of the vulcanizates also are included. 
The study has been extended for some of the vuleanizates to in- 
clude the effect of changes in test temperatures. 


Testing ProcevurREe 
The test method described in the original paper is briefly 
summarized here. Yerzley shear specimens (ASTM D945)8 


NEOPRENE 
S-i 
S-2 60° /267°F 


= 


were tested under a constant stress of 17.75 psi and at a controlled 
temperature of 82 F + 2 F. (In 1948 the temperature of 
the physical testing room was reduced to 75 F + 2 FP.) 
Fig. 1 is a schematic sketch showing the details of the loading bar 
with its knife-edge construction and adjustable linkage which per- 7 
mit the bar to be leveled as creep takes place in the specimen. Degree of Vulcanization. Fig. 2 shows the influence of the- 
Creep in inches is measured by a dial gage (0.001 in.) equipped — degree of vuleanization on the static ereep characteristics of a 
with a special jig. The data from the long-time creep test are neoprene composition. It will be noted that each of the curves — 
expressed in terms of per cent relative erecp, defined as follows: shows a discontinuity between 2100 and 2400 days, In view of 
; all data collected in this study, it is believed that this break in- 
Per cent relative creep the curve was caused by an external disturbance to the specimen _ 
Total deformation initial deformation x‘ and not by the shearing stress. Therefore the original curve — 
Initial deformation is continued as a broken line to indicate the probable per cent 
relative creep which would have been obtained had no outside 
Tnitial deformation is defined as the deformation obtained 5 min disturbance occurred. As the degree or state of vulcanization is 
after loading. increased (S-1 versus S-2 in Fig. 2) the rate and magnitude of the 
per cent relative creep are decreased, This confirms the conclu. 
sions drawn in the original paper. These curves clearly indicate — 
the importance of curing neoprene to a high state of vuleaniza- — 


TIME iN DAYS 
Fig. 2) Inetuence or Cure on Creer or Neorrene 


Facrors ArrecrinGc Creep CHARACTERISTICS 


1 Organic Chemicals Department, Rubber Chemicals Division, 
E. I. du Pont de Nemours & Company. Jun. ASME. 
2"‘Creep of Neoprene in Shear Under Static Conditions,”’ by W. 
N. Keen, Trans. ASMP, vol. 68, 1946, pp. 237-240. tion for applications requiring low creep. 
3 American Society for Testing Materials Method D945-52T, Stand- Precoaditioning to Reduce Creep. Another way to reduce the 
ards on Rubber Products, prepared by ASTM Committe? D-11. ty 
creep of some vulcanizates is by the preconditioning method. | 


Contributed by the Rubber and Plastics Division and presented at Seep He 

the Annual Meeting, New York, N. Y., November 30-December 5, | Preconditioning of the neoprene (S8-3D) and the natural rubber — 

1052, of Tue American Society oF MecHaNical ENGINEERS. (S-7D) specimens, shown in Fig. 3, consisted of straining them 30 7 
Note: Statements and opinions advanced in papers are to be per cent in shear and heating them in this condition for 24 hr — 

understood as individual expressions of their authors and not those 

of the Society. Manuscript received at ASME Headquarters, ®t 158 F. After heating, the specimens were removed from the 

December 16, 1952. jig and permitted to rest for 1 week at 82 F before being mounted 
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PERCENT RELATIVE CREEP 
g 


S-3, 5-50 - NEOPRENE 
$-7,S-70 - NATURAL 
RUBBER 


on the static-ereep test stand 


TIME 


IN DAYS 


hie. 3) Eerrer or On Creer 


Fig. 3 indicates that this type of 
preconditioning reduced the magnitude of the creep for both 
neoprene and natural-rubber vuleanizates. For the particular 
vuleanizates studied, the effect of preconditioning is consider- 
ably greater for the neoprene than for the natural-rubber stock. 
It appears that preconditioning offers some possibilities in de- 
veloping products having maximum resistance to creep. 

Effect of Changing Composition. The rubber technologist has 
two methods of changing the composition of his products 


TABLE 1 


ASTM 
grade no 


IDENTIFICATION OF COMPOUNDS 


Per cent set, 
ASTM method B 


Hardness 
Shore A 


Cure, 


Specimen min/deg 


8-1 30/287 39 
8-2 60/287 46) 25 
8-3 30/307 47 a4 
8-7 15/287 4) 24 
8-8 40/307 32 
25/287 19 
8-12 25/307 4s 
8-15 25/307 fl 10 
8-14 25/307 5 25 
8-15 45/307 48 16 
8-16 15/307 i) 7 
TABLE 2 
Resilience 
a per cent at 


20 per cent 


Frequency, 
deformation 


Specimen cycles (min 


Nate 


Shear 


S-1 170 140 

8-2 170 140 

8-3 9 170 125 

8-7 BH 173 125 
<< 


One consists of using different elastomers and the other of using 
different compounding materials. Table 1 classifies, according to 
ASTM D735* (SAE-10R),® compositions which have been varied 
by both of these methods. The data plotted in Fig. 4 show the 
effeet of some of these changes in composition on the creep char- 


* American Society for Testing Materials Method D735-52T, Stand- 
ards on Rubber Products, prepared by ASTM Committee D-11. 

®'Rubber and Synthetie Rubber Compounds for Automotive 
and Aeronautical Applications,’ SAB Handbook 1952, pp. 243° 244. 


TRANSACTIONS OF THE 


EFFECT OF NATURAL AGING ON MECHANICAL PROPERTIES 


Static modulus, psi 
At 5 per cent 
deformation 
Shear characteristics 


167 100 
RE 169 120 
87 176 11S 
oO 161 121 
80 202 
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Pig. 4 INeicence or Composition on Creep 


acteristics of the vuleanizates. The most startling variation due 
Be- 
1200 davs, the rate of change of relative 
creep is much less for all neoprene stocks studied than it is for 
the rubber control specimen (S-7). 


to composition is seen in the latter portions of the curves. 
yond approximately 


In fact, this difference is so 
pronounced that the final values of the per cent relative creep of 
the rubber stock exceed those of specimens S-3 and S-15, al- 
though, in the earlier stages of these tests, its per cent relative 
creep was lower. 

The numerical values for 
months are given in Table 3. 


creep at the end of 10 years, 9 
The specimen 8-16 represents 
a change in the type of neoprene used, whereas stocks S-3, S-8, 
and S-15 represent compounding changes with the same neoprene 
(The data on specimen S-8 may be influenced by a lower state of 
It will be 
noted from Table 1 that stock S-16 has a very low compression 


vulcanization than exists in the other neoprene stocks. ) 


set. and this, coupled with its excellent resistance to creep, un- 
doubtedly will make this type of composition of great interest to 
the design engineer 


Effective 
dynamic 


Stress, psi, 


At 20 per cent = at 20 per cent 


deformation deformation modulus, psi 
Original 

20 116 

107 22 

105 22 leu 

125 25 131 


206 


125 26 
125 25 
10 2" 
125 27 


oF AGe oN Proverties 

Engineers always are interested in learning how age affects 
the materials vith which they are working. Unfortunately, the 
amount of data available on long-time natural aging is limited, 
and, in general, both the engineers and the rubber technologists 
must draw their conclusions from accelerated aging tests. Since 
the creep tests represented in this paper extend over a period of 
10 vears, 9 months, they afford an excellent opportunity to as- 
certain the effect of this period of natural aging on the mechanical 


é 1200 400 3000 3600 
| 
e 
S4 175 148 132 29 156 
8 170 125 12 26 ‘ 
88 172 130 125 36 
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m 


NATURAL RUBBER 
ALL OTHERS NEOPRENE 


PERCENT SHEAR STRAIN 


1000 
TIME IN HOURS 


hia. 5 Neoprene Versus Russper Mountings, 32 F 
These data are summarized in 
which is similar in form to Table 2 in the earlier paper.? 


properties of the vuleanizates. 
Table 2 
Table 
of the 
the creep test stand, and how they changed in specimens of the 


2 of this paper shows the original mechanical properties 
shear specimens, how these properties changed while on 


same vuleanizates while stored in an unstressed condition for the 


same period of time. The data indicate that all vuleanizates 


rABLE 3) STATIC CREEP CHARACTERISTICS IN SHEAR 


(Under stress of 17.75 psi 
— 10 years and 4 months 
Per cent 
relative 
creep 
1(115)¢ 


Initial deformation, Creep, 
Specimen: in, min) im. 
s 0 0930 1128 121 
0 0 0847 > 08.7 (87)4 
S-3 OSS8S3 oO 5.2 (84)"¢ 
0 O707 0 0760 107 5 


> years and 7 months 


0426 55.2 
0 O812 36.6 


O761 
O853 
3200 hr at 32 I 
Initial deformation, Final deformation, 
in. (2 hr at 32 F) in, 
0 0925 0 0980 
0.1050 
0 0840 
0 0700 


Shear strain, 
per cent 
19.6 
34.2 
OU45 

1390 oT 


27 
pe 1416 hr at 200 1 


Initial deformation, Final deformation, 
in. (2 hr at 200 I in. per cent 
0 0065 2212 1442 


0 0820 0.1424 28.5 

0 0739 24.8 

0.0619 0 28.8 


® Values from curves 


Shear strain, 


tested have such excellent resistance to natural aging that 
changes due to this element would have littl: bearing on their 
utility. This conclusion appears to be valid for both the speci- 
mens aged under stress and those which were aged ip an unstressed 
condition. The compression characteristics of some of these 


vuleanizates are given in the earlier paper? 


oF Test TemMrerature 
4 


With increasing use of elastomers in the automotive and aero- 
nautical fields, a study of the effect of the temperature at which 
the product must operate has become increasingly important. 
Since elastomeric springs or mountings are subjected to various 
temperatures in service, creep tests were conducted at 32 F and 
200 F under the same stress (17.75 psi) as the room-temperature 
tests, 


The results of these tests are plotted as change in per cent 


ae 
IN SHEAR UNDER STATIC CONDITIONS; 


PERCENT SHEAR STRAIN 


S-tt Nar RUB 


100 
HOURS 


200 


TIME 
Fic. 6 Neoprene Versus Rusper Mountings, 200 

shear strain versus time in hours on semilog co-ordinates. These 
data are plotted in this manner instead of by the per cent rela- 


tive-creep method because of the thermoclastic characteristics of 


elastomers and the relative long time (1 hr) required for the speei-— 


men to reach temperature equilibrium. From Fig 
noted that two of the neoprene specimens (S-12 and 8-14) show 
a delayed strain relaxation, previously reported by Morris and 
James.6 The third neoprene specimen (8-13) does not show this 
effect. 
but maintains this advantage throughout the duration of the 
test $200 hrs, 

The effect shown by specimens S-12 and S-14 is primarily the 
result of erystallization of the vuleanizates. 
a reversible process, and the vuleanizate returns to its original 


It has not only less shear strain than the rubber control, 


Crystallization is 


state when heated to a degree slightly above room temperature, 


5 it will be 


either by changing the ambient temperature or by mechanical — 


working of the vuleanizate. The specimen S-13 is based upon a 
type of neoprene designed to be extremely resistant to erystalliza- 
tion. Fig. 6 shows the ereep characteristics or strain relaxation 


of these same compounds at 200 F. It is noted that natural 


rubber exhibits higher creep or greater strain relaxation at 200 F 


than any of the neoprene specimens. Neoprene mountings, 


represented by S-13 (see Figs. 5 and 6) undoubtedly will be of 


great interest to the design engineer because of their outstanding — 


performance over a wide range of temperature (32 F to 200 F) 


The room-temperature creep characteristics of this vulcanizate — 


will be equivalent to or better than those of specimen S-16, 
Fig. 4. 
CONCLUSION 


In summary, the data indicate clearly that neoprene vuleani- 


zates can be designed to have resistance to ereep equal to or better 


than that of natural rubber. 


outstanding performance over a range of temperatures 


Neoprene specimen 5-13 shows 


facts, coupled with the well-known excellent resistance of neo- 


Phese 


prene vuleanizates to oil, heat, ozone, and natural aging, should | 


enhance the value of this material in the eyes of the design and 


application engineer, 
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Stress-C 


cazing of Plastics 


By J. A. SAUER! anv C. C. HSIAO,? STATE COLLEGE, PA. 


The effect of various factors on the inception and growth 
of crazing is reviewed and some of the similarities between 
crazing in plastics, exposure-cracking in rubber, and 
stress-cracking in metals are described. 
of stress-crazing in transparent plastics are presented and 


Various examples 


the stress-strain behavior reported for crazed, noncrazed. 
and oriented material. Rate of propagation of crazing 
also has been investigated. The test results indicate that 
penetration of crazing cracks in polystyrene can be repre- 
sented over a limited stress range by a linear function of 
both time and stress magnitude. 
vocated for avoiding the undesirable effects of crazing in- 
clude use of special coatings, annealing, and establish- 
ment of working stresses based on onset of crazing rather 
than on static fracture. 


Some measures ad- 


INTRODUCTION 


“VEHLE onset of crazing in transparent plastics is an undesirable 
‘| feature that greatly limits their use in engineering ap- 
plications. Various factors, such as temperature, time, 
orientation, environment, and so on, have an influence on the 
initiation of crazing, but local stress intensity is probably more 
directly responsible for its occurrence and subsequent propagation 
than any other factor. The present investigation will therefore 
be concerned largely with this aspect although the effect of other 
variables will be reviewed briefly. Considerable information 
concerning the cause of crazing and its influence on subsequent 
behavior has been reported recently in the scientific literature 
(1, 2, 3, 4). 

Crazing in plastics has been defined as visible mechanical 
cracks (2) or as submicroscopic failures that result in a noticeable 
The term 
“erazing’’ also has been used to refer to a type of cracking pro- 
duced randomly on the surface of unstretched rubber by light in 
the presence of ozone (5). This phenomenon, however, also has 
been referred to by other terms, such as “sun-cracking,”’ ‘“‘atmos- 
pheric-cracking,”’ 
Newton (6), for example, has described as exposure-crack- 
ing the fissures formed in the surface of rubber at right angles to 
the direction of applied stress. 

In the field of metallurgy, a closely related phenomenon to 
crazing is the cracking of metals or alloys when stressed under 
certain Stress-corrosion-cracking of metals and 
alloys, and season-cracking of nonferrous metals, both of which 
have been studied intensively, are somewhat similar phenomena to 
crazing in that failure seems to be related to applied or induced 
stress. In metals, it is well known that cracks or fissures may be 
produced by rapid changes in temperature and these are believed 
Cracks 


“blushing” of an otherwise transparent material (4). 


“ozone-cracking,’’ or “exposure-cracking,”’ 


conditions. 


to result from development of induced thermal stresses. 
! Professor of Engineering Mechanics, The Pennsylvania State 
College. 

2 Associate Professor of Engineering Research, The Pennsylvania 
State College. 

* Numbers in parentheses refer to Bibliography at end of paper. 

Contributed by the Rubber and Plastics Division and presented at 
the Annual Meeting, New York, N. Y., November 30-December 5, 
1952, of Toe American Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 


October 25,1952. Paper No. 52—A-100. 


or local fissures also can be produced in rubber by exposure to 
ozone, but the phenomenon is greatly accentuated by the presence 
of an applied-stress system, 

In all instances where crazing cracks are caused by direct action 
of an applied-stress system, the cracks formed are at right angles 
to the maximum tensile-stress direction. 
applied directly, randomly directed crazing patterns can be pro- 
duced and have been reported to occur in thermoplastic materials 
by solvent action, by x-radiation, and by ultraviolet radiation 
In all these instances, stress does not seem to be directly involved. 
However, the possibility of the development of quite large 


When stress is not 


localized internal stresses by any of these processes must not be 
overlooked. If such internal stresses are great enough to exceed 
the local failure strength of the material, crazing will result 
Crazing patterns produced both by applied stress and indirectly 
by solvent action have been reported by Russell (2) and by 
Maxwell and Rahm (7). 

The precise mechanism whereby solvents such as kerosene or 
benzene cause crazing cracks to originate and grow is not yet well 
established. It is generally thought that the effect depends on 
absorption of the solvent by the material. | Absorption softens 
the surface and may result either in some of the material reaching 
a critical elongation sooner or in causing a greater share of stress 
to be carried by surrounding material thus tending to produce 
local fissures, or openings. Another possibility is that as the 
absorbed solvent evaporates the surface material will tend to 
shrink and thereby produce internal tensile stresses sufficient to 
cause cracks to open up. 
the crazing pattern would be expected to differ from that obtained 
by action of an applied tensile stress in that the cracks or crazing 
planes no longer should form a regular parallel system, but should 
be directed randomly. 


Regardless of the precise mechanism, 


Such, indeed, is the case as has been 
shown by Russell for specimens of methyl methacrylate (8). 

For a given applied-stress magnitude, crazing appears to in- 
crease with duration of test (7, 9) and hence with creep elongation 
Crazing with increase of temperature. For 
polystyrene specimens, this effect has been shown by Maxwell and 
Rahm (7) for various temperatures from 30 to 70 C, for a stress 
level of 3600 psi and for various times from 5 min to '/, hr. 


also increases 


Crazing in transparent plastics also has been reported (4) to be 
related to orientation. 
that crazing cracks originate as separations of adjacent regions of 
polymer chains as a direct result of the applied local force exceed- 
It is therefore to be expected 
that in a highly oriented material subjected to applied stress in the 


On a submicroscopic scale, it is believed 


ing the secondary attractive forces, 


direction of orientation little or no crazing would occur since the 
applied forces would tend to draw the chains together rather than 
to separate them. This effect has been observed experimentally 
by Bailey (10) and by Cheatham and Dietz (11). If, however, in 
the same highly oriented material, the stress were applied at right 
angles to the direction of orientation, the chain separation should 
occur more easily and crazing should begin at even low stress 
levels. 


DEPENDENCE OF CRAZING ON ApPLieD STress 


Observation of crazing in specimens subjected to applied load- 
ing reveals that the observed crazing cracks generally start on the 
surface and propagate in a direction perpendicular to the direction 
of maximum tensile stress, If a transparent plastic specimen is 
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EWED ON MAcHINED SURFA 


Crazing Cracks or Lucire \ 
Light SHowine bine Cracks IN 
Applied stress 


bia. 2 
BY TRANSMITTED 


(Vertical lines are machine marks, vertical; 100.) 


subjected to uniaxial tension, erazing planes will develop and gre 
These 
planes appear simply as parallel lines when viewed from the 
this behavior for 
methacrylate are shown in Figs. | and 2. 
1 it will be noted that many crazing cracks origina 


at right angles to the direction of stressing. crazit 


side. Micrographs indicating polymeth 

In Pig 
along the diagonal seratch indicating the favorable effeet of stre 
Also, in’ Fig. 
numerous fine crazing cracks are found to commence along tl 


concentration on the initiation of crazing 


machine marks. This again indicates that crazing is more easi 
initiated when a local discontinuity in the surface introduces 
high stress-concentration factor and a resulting local stress co 
This 


what occurs at all outside edges of specimens where surface i 


siderably higher than the average stress in the specimen. 


regularities are unavoidable and henee we should expect th: 
erazing usually will occur first on the external surfaces 

Fig. 3 shows a stress-crazing pattern for a section of a poll 
styrene specimen. The original specimen was '/> in. & in. 
cross section and subjected toa constant tensile stress in its longitu 


dinal direetion. The micrograph shown is a transverse view of a 
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Crazing Cracks or Viewep by TRANS- 
MITTED Light 


(Direction of stress application, vertical. Inclined lines are polishing marks; 
100.) 
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longitudinal section taken midway between the vertical surfaces. 
The inclined lines are polishing marks on the cut surface and the 
horizontal lines show the edge of the crazing planes. 
these crazing planes have originated on the outside surface and 


Some of 
have propagated to the interior of the specimen. However, new 
crazing planes not originating on the surface evidently have been 
formed also. 

If a test specimen is subjected to a tensile load which is main- 
tained constant until fracture oecurs, 
then its fracture surface will show 
crazed regions along the external 
edges, and nonerazed or amorphous 
regions in the interior of the speci- 

Fig. 4 shows such a partially 
erazed '/s-in. & '/s-in. polymethyl- 


men. 
methacrylate specimen. The erazing 
eracks are clearly visible throughout 
the reduced gage length of the test 
specimen. The relative amounts of 
crazed and nonerazed regions depend 
on the duration of test before frac- 
ture occurred. 

In Fig. 5 are shown stress-crazing 
patterns for several polystyrene speci- 
different 
crazed and amorphous regions. 


mens with percentages of 
Two 
distinet types of crack patterns are 
visible in Fig. 5; one type is the frac- 
ture-crack system spreading radially 
outward from the more or less point 
source (presumably an internal im- 
purity or flaw) located in the center 
of the circle on the fracture surface; 
the second type is the much finer 
crazing-crack system spreading nor- 
inward from the surfaces of 
The depth to which 
these erazing planes extend and the 


mally 
the specimen. 


rate of penetration of these planes 
depend on the magnitude of the ap- 


; plied stress as well as on its duration, 
Crazep TEnsion- 

Creep Specimen OF Povy- 
METHYL-METHACRYLATE 


and appropriate quantitative rela- 
tions for this variation are given later. 
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SAUER, HSIAO 


The qualitative dependence of crazing on stress magnitade and 
on duration of test is as follows: For comparable time periods of 
testing, crazing will increase with increase of applied tensile stress, 
and for comparable tensile stresses, crazing will increase with 
Maxwell and Rahm (7) have 
noted that for thermal clean stress-free specimens of polystyrene 


increase of time of testing period. 


no crazing at all as measured by reflected light intensity will occur 
until a tensile strain of 0.75 per cent is reached, but that the 
amount of crazing would increase rapidly as the strain was in- 
creased beyond that value. The variation of crazing with time 
for specimens subjected to constant load has been reported by 
Maxwell and Rahm (3) to be linear for times up to several hun- 
dred minutes. Sauer, Marin, and Hsiao (9) have reported that 
for polystyrene specimens under high tensile-stress loading, frac- 
ture occurred shortly after load was applied, with only slight or in- 
significant amounts of crazing around the edges of the specimen. 
For lower stress magnitudes, they reported that for some speci- 
mens fracture did not oceur until hundreds of hours had elapsed 
and that crazing had by then extended over the entire cross sec- 
tion (as in the left diagram, Fig. 5). 

It should be emphasized that crazing does not depend only on 
stress and time but also on the particular material under investi- 
gation. 
surface conditions, erazing cracks in polymethyl-methacrylate 
specimens are usually larger and less deuse than those in poly- 
styrene specimens, but at the same time do not extend as far from 
the surface. 
the stress-crazing patterns of Fig. | versus Fig. 3, and also Fig. 4 
versus Fig. 5. 


For example, for comparable stress and time as well as 


These characteristics may be seen by comparison of 


The effect of crazing on optical distortion can be demonstrated 
by the double reflection which the crazing cracks produce. This 
may be seen in Fig 6 where the specimen on the left has been 
partly crazed as a result of being subjected to tensile stress for some 
The double 
image is caused by the separate reflections arising from the 


time and the specimen on the right is unstressed. 


crazed areas lying adjacent to the top and bottom surfaces. 

A rather interesting observation reported by Sauer, Marin, and 
Hsiao (9) is that polystyrene specimens may be crazed completely 
throughout their cross section and yet continue to carry a con- 
Consider the specimen shown in Fig. 7. 


siderable amount of load 


STRESS-CRAZING OF PLASTICS 


COMPRESSION SPECIMEN OF 
PoLysTy RENE 


VARIATION OF INDEX OF ReEPRACTION OF PoLyMEeTHY! - 
METHACKYLATE 


hia. 6 


This specimen was machined from: a larger polystyrene specimen 
('/ein. in. in cross section), which had been subjected to a 
constant tensile stress of approximately 3000 psi for approxi- 
mately 1000 hr. 
throughout the cross-sectional area 


At the end of this time, crazing cracks extended 
From this larger specimen, 
a small round specimen was made in the shape as shown and re- 
tested in tension. Its stress-strain curve together with that of 
The data indicate the 
fully crazed material has approximately the same ductility and 


the original material is shown in Fig. 8. 


somewhat more than one half the tensile strength of the uncrazed 
material. There is also shown in Fig. 8 a stress-strain curve for a 
small] specimen taken from the noncrazed portion of a larger ten- 
sile-creep specimen, It will be noted that the strength is about 
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the same, but the initial modulus is perhaps slightly greater than 
for the original material, 

It is well known (4) that if a compressive rather than a tensile 
load is applied to a specimen of a transparent high polymer, no 
crazing will occur. In view of this it was thought desirable to 
investigate whether applied compression would be beneficial in 
eliminating crazing previously produced by tension, A small 
test specimen (of the type in Fig. 7) was cut from a larger 
polystyrene specimen previously completely crazed in a tension- 
creep test. The small test specimen was then compressed and 
released three different times and finally tested in tension to 
The 
precompression seemed to result in a partial healing of the crazing 


determine whether any beneficial effects could be noted. 
cracks. ‘This may be seen from a comparison of Figs. 9 and 10, 
showing respectively a side view of the crazing planes prior to the 
first compression and a similar view after the second compression. 
It is also evident from Fig. 10 that some distortion of the crazing 
planes has taken place. Probably because of the destructive in- 
fluence of the distortion on the parallelism of the crazing planes 
and the apparent close-up of the openings between the crazing 
planes, the specimen at this time was quite clear to the naked 
eye with little visible signs of crazing. However, when viewed 
under a light microscope, crazing planes could. still be seen, 
Ilence applied compression is at best only partly effective in 
Also, if the pre- 
compressed samples are tested in tension, crazing cracks again 


healing crazing openings produced by tension. 


open and no increase in strength is observed. 
It was stated previously that orientation has an effect on 
It also has an effect on the stress-strain characteristics 


A statistical evaluation 


crazing. 
and on the ultimate breaking strength. 
of the fracture strength for polymers subjected to various amounts 
of orientation has been made by Hsiao and Sauer (4) and their 
predicted values check satisfactorily with the experimental data of 
Bailey (10) and of Cheatham and Dietz (11). One example of 
the effeet of orientation on strength can be obtained from a 


comparison of the graphs in Fig. S marked “oriented specimen” 


CrRAZING CRACKS OF POLYSTYRENE 
Viewed by transmitted li 


hia. 9 
»plied stress, vertical 


RApiAL 
CRAZING 


Crazinc Cracks oF PotysryRENE VIEWED IN 
Rounp Specimen SHowina Distrorrev 
PLANES 
This crazed specimen has been compressed to its maximum load and ability 
of material to reflect light has been reduced greatly. jiewed by transmitted 
light. Direction of applied tensile and compressive stresses, vertical; 
x 100.) 


bia. 
DiRECTION OF 


and “original specimen.’”’ The oriented specimen was one that 
had been stretch-oriented previously approximately 300 per cent 
in each of two biaxial directions. According to the statistical 
theory of Hsiao (12), its strength should be approximately 26 per 
cent higher than that of the unoriented sample. The graphs in 
Fig. 8 indicate that the experimental increase is approximately of 
this order of magnitude. 

The particular oriented specimen, whose stress-strain be- 
havior is shown in Fig. 8, is one that was built up of a series of 
laminated layers of polystyrene—each layer having been biaxially 
stretch-oriented to the amount The test 
conducted at a strain rate of about 190 X 10~® in/in/see and the 
loading continued unti) fracture occurred. The fracture surface 
is shown in Fig. 11. Despite the short duration of the test (1 to 5 
min) some erazing oceurred and this is clearly visible on the 


mentioned. was 


fracture surfaces 
Rare oF PropaGatrion oF CRAZING 


As mentioned in the foregoing, under the action of a maintained 
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tensile stress, crazing cracks originate on the external surfaces of 
the specimen and propagate inward toward the center. To 
obtain information on the rate of propagation with time, it is 
necessary to have a continuous measure of the penetration of the 
crazing front. Since, however, the erazing eracks develop on all 
four external surfaces of the square specimens, and thus destroy 
visual transparency, it is not easy to measure the inward 
penetration of the erazing eracks until after the specimen has 
fractured. 

Fortunately, this difficulty can be overcome by use of special 


As reported by previous investigators (4), crazing can 


coatings 
re greatly retarded or even prevented from occurring by appiving 
(For 
polystyrene, one such coating is a solution consisting essentially of 


to the outside surfaces some synthetic-polymer coating. 
stvrene monomer.) ‘To obtain the desired visual advance of the 
crazing front, one coats two opposite faces of the specimens and 
leaves the other two faces free, On continued application of a 
constant tensile load, the erazing cracks wil! then start as usual on 
The coated 


. 
sides, however, will remain essentially eraze-free and hence the 


the free surfaces and grow inward as time passes. 


depth of penetration of the erazing eracks can be observed easily 
and measured by viewing them from a direction perpendicular to 
coated sides, 

The type of specimen used is shown in Fig. 12. The cross 
2 in. '/, in. and 


section of the specimen was approximately ! 
These specimens were cut from 


the gage length was 2 in. long. 
1/yin-thick polystyrene sheet. On the molded surfaces (facing 
the observer in Fig. 12), about one half of the 2-in-gage-length 
section was coated while on the other two sides the transparent 
coating extended to only about one quarter of the total gage 
length. As may be seen from the figure, the coating essentially 
"prevented the initiation and growth of crazing from those surfaces 
on whieh it was placed, while other uncoated surfaces initiated 
-erazing planes sufficiently intense to reflect light radiation. This 
method thus permitted the determination of the position of the 
crazing front from time to time and hence the rate of propagation 
of crazing could be found. The measurement of the position was 
~ made repeatedly by a micrometer at a given location and through- 
out the 1000 hr duration of test. The test method, though not 
perhaps as precise as the light-reflection method (2, 3) for deter- 

mining the average amount of crazing developed throughout a 

given volume, is simpler and more appropriate for determining 

crazing penetration over long periods of time. A plot of the 

amount of penetration of crazing against time is given in Fig. 13 

for specimens subjected to three different stress levels as indicated, 


COMPARISON OF SELECTIVELY Coatep PoLystyYReNt 


MENS Berore AND Arrer Tenston-Creep Test 


Tig. 12 


Owing to the facet that polystyrene is rather brittle: at ordinary 
room temperatures, specimens, especially those at high 
applied-stress levels, failed before any appreciable value of 
The data indicate that the relation: 
between penetration of crazing and time is a linear one over the 


erazing could be recorded. 


stress range investigated, 

It is interesting to note that these three long-time crazing 
curves at different stress levels show different amounts of penetra- 
tion of crazing at the very start of the test. Usually, sharp crack- 
ing sounds could be heard soon after the load was applied which 
suggests the sudden appearance of erazing and the immediate 
If the first 
derivatives of these curves with respect to time are plotted against 


release of a portion of energy into sound waves. 


the magnitude of the corresponding stress level, it appears that 
the rate of displacement of the crazing front varies linearly with 
It is unfortunate that not more 
test points are available, but within the stress limits indicated the 


the stress as shown in Fig. 14. 
rate of crazing varies with the stress in the following manner 

a.) 


where 


stress, psi 
slope of the straight line 
rate of propagation of crazing front, iph 


constant measured in stress units _ 


Since the velocity of crazing is thus a linear function of stress, the — 
depth of crazing can be written by integration as 


D Do = K (oe a(t — ty) 


where Dy and tf are constants and A = '/m. For polystyrene 
Do = —O.015 in., K = & in/hr/psi, oo = 1670 
and tg = —400 hr. > 
Thus, within the limited range of stresses as indicated in Fig. 
14, the depth of erazing may be expressed as a linear function of 
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OF PROPAGATION OF CRAZING FRONT IN IO IN PER HOUR 
TENSILE Stress ON Rave or PROPAGATION oF 
CRAZING OF POLYSTYRENE 


RATE 


hig. (4° or 


both stress magnitude and time. It is questionable whether the 
foregoing equations can be extended to much lower stresses but 
their implication that the rate of propagation of crazing goes to 
zero for some limiting stress value does seem to be in general 
agreement with experimental results (9). [t is also difficult: to 


G CurvVEsS OF POLYSTYRENE 


investigate this relation for much higher stresses than 3500 psi 
as the specimen tends to fracture in much shorter time periods 
and thus not many data on crazing can be taken. Such short- 
time fractures are frequently caused by obvious flaws such as that 
shown in Fig. 15, which result in high local stress intensities 
The actual fracture cracks, erazing cracks, 
very frequently start from some point inside the specimen and 
then extend rapidly radially outward as Fig. 15 indicates. 


us distinet from the 


Design IMPLICATIONS OF CRAZING 


The development of crazing in stressed transparent plastics is 
for the most part a highly undesirable occurrence, although 
beneficial use is made of this phenomenon in the use of transparent 
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brittle laequers to predict the direction and approximate magni- 
tude of surface stresses on machine and structural parts. In 
other applications, however, such as transparent enclosures on 
aircraft, transparent instrument panels, and as insulators in 
electronic apparatus, the initiation of crazing is cause for alarm 
either because of loss of transparency, loss of mechanical 
strength, or loss of dielectric properties as a result of moisture 
absorption in the crazing openings. Also, since crazing once 
started will continue to increase without increase of load magni- 
tude, it is well to avoid its consequences by taking every pre- 
caution to avoid its inception. 

As already noted, surface coatings are helpful and can be 
recommended, Also, working-stress magnitudes should be 
established not merely on the basis of static ultimate strength, 
but on strength values at which crazing is found to occur. In 
applications where the plastie part may be subjected to tensile 
stress in varying directions, full annealing of the transparent 
plastic sheets is highly desirable as in this way the material can 
be made more nearly isotropic. On the other hand, if the plastie 
part is to be used only under uniaxial tension, then higher working 
stresses can be obtained, without danger of crazing, by use of 
highly oriented material. Essentially, the reason is that in 
the oriented state all the molecular chains tend to align in the 
direction of orientation and crazing, which is thought to be a result 
of lateral separation of adjacent chains (4), cannot then occur, Of 
course, crazing will oceur in oriented materials and at low stress 
values if transverse tensile rather than axial tensile stress is 
applied. If, therefore, the intended application is such that there 
is a probability of lateral as well as longitudinal tensile stresses 
occurring, then the isotropic annealed state is preferable to the 
highly oriented state. 
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[Discussion 


A. G. H. Dierz.*| The authors have made interesting and 
valuable observations respecting crazing, a phenomenon of con- 
siderable practical and theoretical importance in the use of many 
plastics, 

Of considerable interest is the observation that erazing starts 
at the surface and proceeds inward. This has been discussed 
informally by many observers, and some have maintained that 
on highly polished specimens in which even minute surface flaws 
have been removed, crazing may begin in the interior simultane- 


ously with surface erazing. The writer has not had occasion to 


; 


study this phenomenon closely, but would welcome comment by — 


the authors. 

When specimens are oriented by drawing, orientation appears 
to begin at the surface and to proceed inward as the degree of 
One of the first effects of orientation is 
In par- 


orientation increases, 
the diminution and gradual disappearance of crazing, 
tially oriented specimens, surface crazing disappears but internal 
CTazing still occurs; the surface fracture at failure becomes fibrous 
When 


orientation proceeds far enough, fracture throughout the speci- 


whereas internal fracture remains abrupt or “brittle.” 


men becomes fibrous and crazing disappears altogether. 
Avrnors’ Closure 

The authors wish to express their appreciation to Professor 
Dietz for the interest he has taken in this paper and for the com- 
ments he has made 

With regard to the occurrence of crazing in the interior, simul- 
taneously with surface erazing for highly polished specimens, the 
authors wish to make the following comments, As it has been 
stated, various factors such as temperature, time, orientation, 
and environment have an influence on the initiation of crazing, 
but local stress intensity is probably more directly responsible 
for its occurrence and subsequent propagation than any other 
factor. If a simple tension specimen is highly polished so that 
there is no surface contamination or any stress concentration 
under loading, and particularly if it has no preferred molecular 
orientation, it appears, then, that the local stress intensities will 
be uniform over the cross section as well as the gage length of the 
specimen and it seems that there is no reason why crazing may not 
begin in the interior simultaneously with surface crazing.  Fur- 
thermore, it could be expected that internal crazing would oecur 
first if tensile residual stresses are present in the interior of the 
specimen, 

The understanding of the effeet of orientation on strength and 
crazing properties of linear high polymers has been advanced 
through the development of a theory which permits caleulation 
of strength as a function of orientation in terms of strain change 
(12) as well as prediction of crazing. [tis expected that a report 
on this subject will be published by the authors of this paper in 
the future, In general, the statistical theory analyzes 
the effeet of crientation of linear polymeric molecules on strength 
and erazing by considering their microstrength and their diree- 
tion of orientation. Evidences commented on by Professor Dietz 
seem to support the theory fairly well. Various experimental in- 
vestigations in connection with both uniaxially and biaxially 
oriented specimens are being carried out by the authors’ group and 
verifications as well as modifications of the theory will be made 

The authors wish to also express their appreciation to Prof, 
Bryce Maxwell for his interesting remarks on the initiation of 
crazing, Which he made orally following the presentation of the 


paper. Referring to reference (7) of the paper concerning his 
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Mem. ASME. 


A 


~ 
7 
4 


902 TRANSACTIONS 

work he commented that under all conditions studied the criterion 
for the initiation of crazing is the strain in the material and by 
varying time or temperature this can be studied independently 
of stress, Then he attempted to show the agreement of the criti- 
eal crazing strain obtained from both his work and that from Fig. 
14 of the paper by extrapolation. A strain corresponding to a 
stress of approximately 1650 psi for zero rate of propagation of 
crazing would be 0.36 per cent which agrees quite nicely with the 
critical crazing strain of 0.35 per cent of reference 
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However, the authors wish to point out the difference between 
the zero rate of propagation of crazing and the zero penetration of 
crazing, which may also be referred to as the critical crazing point. 
Referring to Fig. 13 of the paper and assuming that all crazing 
curves were straight lines and would intersect at the point as 
shown at the lower left corner of the figure, a stress of about 2100 
psi corresponding to the zero penetration of crazing could be ob- 


tained from Fig, 14, whereas the stress for zero rate of penetration 


of crazing is only around 1650 psi. “Een ioe 
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By G. D. GILMORE! anpb G. 


The general design of injection-molding heating cham- 
bers has become established after gradual development 
through several years of experience. Some of the details 
of design which are directly concerned with the plastic- 
material characteristics have been examined to a limited 
extent. Very little engineering-design information has 
been available for a careful consideration of these details. 
Heat-transfer and pressure losses in the heating chamber 
are interrelated and the geometry of the passages through 
which the plastic moves can be arranged for optimum 
The 


heat-transfer rate with minimum loss. 
available theoretical, experimental, and 
formation concerning the behavior of plastic materials, 


under high pressures, in granular and fluid conditions is 


pressure 


practical 


considered. This information is combined into a syste- 


matic approach to the geometrical problems of the design 


of injection-molding heating chambers. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
length of heating zone, in. 
heater body bore diameter, in. 
spreader diameter, in. 
plastic-slab thickness, in. 
thermal diffusivity, sq in. per sec 
heater-chamber wall temperature, deg F 
initial temperature of plastic introduced into heating 
chamber, deg F 
average plastic temperature at any contact time ¢, deg F 
contact time of plastic against heat source, see 
total injection cycle, sec 
density of plastic, oz per cu in, 
rate of plastic throughput, Ib per hr 
number of effective sides delivering heat to a flat slab 
shot weight, oz 
applied force, Ib 
resisting force, Ib 
coefficient of friction 
length of cold granules in heating-chamber entrance be- 
fore compaction, in. 
diameter of plunger, in. 


INsecTION Heating CHamMBer 
The present-day heating chamber contains a spreader which is 
the essential feature of the design credited to Hans Gastrow prior 
to 1034. 
out construction details, is shown in Fig. 1. 


The cross section of the tvpical heating chamber, with- 
The thermoplastie 
more specifically polystyrene, exists as hard 


material, and 
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Jesign Considerations for Injection- 


Molding Heating Chambers _ 


THAYER.? MIDLAND, MICH 


NOZZLE HEATER BODY 


PLUNGER 


SPREADER ZONE © 


or Hearing CHamMuer 


hic. 2) “INernite Stab” or Prastic Region B 


It is heated progressively 
All conditions 


granules where it is introduced at A. 
and leaves the nozzle in a relatively fluid state, 
between these two extremes exist in the heating chamber. 


Heat-TRANSFER CONSIDERATIONS 


The major absorption of heat by the plastic takes place in 
region B, Fig. 1. Plastie in this space has the shape of a tube as 
shown in Fig. 2. This tube can be considered as an infinite flat 
slab in its developed shape. Beeause of the simple geometric 
shape of the plastic in region B, heat-transfer equations may be 
applied. 

The theory of heat transfer through a flat slab has been well 
The quantity of heat taken up by a unit slab of 
plastic depends upon three factors, as follows: 

1 Thermal diffusivity. 

2 Temperature difference between the heating surface and the 


established. 


adjacent layer of plastic. 

3 Time of contact between plastic and heating surface 

The value of thermal diffusivity for polystyrene has been found 
experimentally? to be 2.17 10°74 It is reasonably constant over 
the operating temperature range. 

It has been found convenient to express temperature differen-— 
tial as a ratio of actual temperature rise of the entire mass of 
plastic to the maximum possible temperature rise. In accordance 
with the terms previously listed in the nomenclature this becomes 


? Plastic Basie Research Laboratory, The Dow Chemical Company, 
Midland, Mich. 
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TRANSACTIONS OF 


This is called the temperature-difference ratio, 


It is also convenient to express contact time ¢ in terms of the 
dimensions of the heating chamber and other terms commonly 
used in injection molding. The contaet time is equal to the in- 
ventory weight, divided by the shot weight and multiplied by the 


total eyvele. This may be expressed as follows 


pt, 


Iw 


The rate of plastic throughput 2 in lb per hr may be intro- 
duced since it is equal to the shot weight divided by the total 


= 
Substitution of Equation [3] in Mquation [2] results in the 


pressi¢ 
225/r(d,? 


The ratio of actual temperature rise to maximum possible tem- 


perature rise is a function of thermal diffusivity, slab thiekness, 


and contact time as follows 


Ta To al 
Ti Po a’ 
The term at/a? may be called the heat-flow modulus. This 
If the slab 


is heated from only one side, the slab thickness must be con- 
In this situa- 


applies to a flat slab heated equally from two sides, 


sidered as being twice its actual thickness, or 2a. 


tion Mquation becomes 
Ta To 
Ti To 


In the injection-molding heating chamber, heat usually is sup- 
plied through the heater body to one side of the slab. However, 
some heat is supplied to the other surface of the slab by the 
spreader, In order to apply heat-conduetion [quation [5] to 
heating-chamber design, it is necessary to introduce a coefficient 
for the section thickness. This coefficient is (5 n*), in which n 
is defined as the number of effective sides supplying heat to the 


Equation [5] then becomes 


al 
(5 


The relationship expressed in Mquation [7] is shown graphically 


plastic slab. 
Ta To 


ri To 


in Fig. 38.) The heat-flow modulus also is expressed in terms com- 
monly used in injection molding. This is obtained by introducing 
the expression for contact time as given in Equation [4] and the 


elimination of dy since 


Plastic temperature measurements have been made on several 
commercial heating chambers.4 The values of n for the various 
heating chambers were determined by substituting these tem- 
perature measurements, together with the heating-chamber di- 
mensions in the heat-conduction relationship indicated in Fig. 3. 
The effeet of spreader construction on the number of effective 
sides supplying heat is shown in Fig. 4. The values of n shown 

‘Measurement of the Heating Capacity of Injection Molding 
Machines,”’ by C. Beyer and R. B. Dahl, Modern Plastics, vol. 30, 
September, 1952, pp. 124-126, 130, 204. 
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BODY HEATER 


Number or Errretive Hearing Sipes ror Vartous 


SPREADER CONSTRUCTIONS; 


are average values over the range of production rates tested. The 
value of nis 1.4 for a spreader which fioats within the heater body. 
The number of effective heating sides increases to 1.7 when the 
spreader is located rigidly within the heater body. Incorporating 
an internal heater in the spreader increases the value of n to 1.9. 
The effect of these three spreader designs on the output of a 
heating chamber may be computed by assigning dimensions to a 
hypothetical heating chamber similar to such chambers in regular 
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TABLE 1 MACHINE SI HEATING 


*-ECIFICATIONS FOR 
CHAMB 


ER 


Shot size (maximum), oz 
Maximum pressure, psi 
Maximum speed of injection, at 
Plunger diameter, in. 

Plunger stroke, in 

Heater body inside diameter, in 
Spreader diameter, in 

Heating zone length, in. 

Output at 80 per cent heating efficiency, Ib per hr 


20,000 psi, 


1.0 


To- To 
To 


TEMPERATURE DIFFERENCE RATIO 


25. 10 
RATE (LBS PER HR) 
RATE 


. 5 Errect OF SPREADER CONSTRUCTION ON 


@ (INCHES) 


SLAB THK NESS 


HEATER BODY 
BORE 4, (IN) 
o 
° 


HEATING ZONE 
LGTH 1 (IN) 


50 75 


100 125 
RATE (LBS PER HR) 


150 


bic. Hearinc-CHamper Geometry Verses Rare 

use in the molding industry. These dimensions are given in Table 
1. The curves in Fig. 5 show the heating effects of the three de- 
signs. The curves have been drawn by substituting the dimen- 
sions assumed for the heater and the average values of # in the 
equation illustrated by Fig. 3. 

Incorporating an internal heater in the spreader would be ex- 
pected to increase the production rate from 82 to 123 Ib per lr at 
a temperature-difference ratio of 80 per cent. Using a floating 
spreader in this design to provide very little contact: between 
heater body and spreader reduces the theoretical production rate 
from 82 Ib per hr to 57 |b per hr. 

The effects of length, bore, and plastic-slab thickness on the 
heating rate, using a value of n of 1.70, are shown in Fig. 6. 

As would be expected, any increase in the heating-zone length 
or heater-body bore produces a direct increase in heating rate. 
The effect of decreasing the section thickness of plascic by a small 
amount also is io increase the rate approximately in a linear 
fashion. 

Several factors have been omitted purposely in the heat-trans- 
fer considerations presented. Their introduction, however, would 
complicate the situation far beyond the value which could be at- 


tained at this time. Such factors as the velocity gradient in the 
plastic slab, frictional heating in the plastic, and heat received by 
conduction prior to entering the spreader section should be 
recognized as contributing to the heating rate of any given de- 
sign. 


PressuRE-Loss CONSIDERATIONS 


Design details concerned directly with the characteristics of the 


plastic involve pressure requirements in addition to heat transfer, | 


As was pointed out previously, the thermoplastic exists in the heat- - 


ing chamber as a hard rigid material at the entrance, The material 
ut the nozzle end exists in a relatively fluid state although still 
highly viscous. At a temperature of 425 F its viscosity at zero 
shear is approximately 35,000 poises, Its viscosity increnses 
rapidly to 800,000 poises at 325 F as shown in Fig. 7. It is 
evident this typical thermoplastic polystyrene is a highly viscous 
material, the viscosity of which is extremely sensitive to tempera- 
ture, 
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Excellent tools are available to analyze pressure losses® under 
ideal equilibrium conditions. ‘These may be applied, although 
a wide range of conditions exist in the heating chamber as has 
been shown. The reliability of any pressure-loss analysis would 
seem questionable, but only in so far as absolute values are con- 
cerned, Using these tools in considering the heating chamber 
necessitates certain assumptions which may affect the numerical 
magnitude of the results obtained. Nevertheless, they provide a 
starting point and present a relative picture which, at least, 
points the direction in which the design should go 

Using the procedure suggested by Wiley and Pierce,® the follow- 


Ing assumptions are necessary: 


1 The plastie in the heating chamber may be considered in 
two parts, the region B, oecupied by the spreader, is the heating 
zone, While the region A, between the spreader and the plunger, is 
the cold zone. 

2 In the heating zone, the plastic may vary in temperature 
from 100 F to 500 FL At maximum throughput, the plastie may 
be considered as being at an equilibrium temperature of 300 
be considered 


3. Pressure loss in the cold zone can 


pendently as a friction phenomenon, 


For the heating chamber with specifications as listed in Table 1, 


the effect on pressure loss in changing each dimension inde-— 


pendently Is plotted in Fig. 8. 
1 


Pressure Drop of Fluid Polystyrene in Conduits,” by R 
Wiley and J. Pierce, Chemical Engineering Progress, vol. 47, 


pp. 442.435. 


N 
1951, 


As might he exper ted, any increase 7 


= 
TT 
| 
ys 


SLAB THA NESS 


BORE 4, (iN) 


HEATER BOOY 
ooo 


° 


3 


HEATING ZONE 
LGTH 1 (IN) 


4000 
PRESSURE LOSS (PSI) 


2000 


Geometry Verses Pressure Loss 


PLUNGER DIA 
WALL TEMP. 75 


(INCHES) 


EXTERNAL LUB 


PLUNGER DIA. 0 


~ 2,000 4,000 6,000 6,000 10,000 12,000 14,000 16,000 18,000 


PRESSURE LOSS (p.ai.) 


hic. 9 Pressune Recarronsures Zone 


in length results in a direct increase in pressure loss. A considera- 
ble change in heater-body bore has a negligible effeet on the pres- 
sure Joss. A small decrease in section thickness, on the other 
hand, produces a large increase in pressure loss. 

Of even greater importance in analyzing the pressure losses is 
the cold zone. 
very high pressure at temperatures so low they are not distorted 


Here granules of material are compressed under 
appreciably, The result is an extremely high pressure loss. 

The results of experiments in this regard have been published® 
and for static conditions the following relationship was found 


For the maximum shot size of 14 0z, taken from Table 1, the 
cold zone would produce pressure losses as plotted in Fig. 9. 
Since it is assumed that the shot size is constant the effect is 
plotted in terms of plunger diameter only. The effect of wall 
temperature results because of the change in the coefficient of 
friction, An increase in wall temperature of 100 F is as effee- 
tive in reducing the cold-zone pressure loss as increasing the 
plunger diameter by a iactor of 2. The effeet of an external 
lubricant is to reduce the pressure loss, as has been experienced by 


many molders. 


*“Rehavior of Granulated Polymers Under Pressure,” by R. 8. 
Spencer, G. D. Gilmore, and R. W. Wiley, Journal of Applied Physics, 
vol. 21, 1950. pp 531 
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SUMMARY OF RECOMMENDATIONS 


It would be desirable to be able to specify an exact design in- 
corporating a maximum heating rate and a minimum pressure 
loss. Since several assumptions have been made, particularly in 
regard to pressure losses, an exact specification cannot be drawn. 
There are, however, indications as to the approach to be taken. 
These, together with suitable experiments designed to establish 
the reliability of any assumed conditions, should provide sound 
engineering design information. Experiments of this type have 
been successful.” 

Considering the specifications as listed in Table 1, the maximum 
heating rate with minimum pressure losses is approached in the 
following design changes: 


1 Increase the heater-body bore. This actually increases the 
inventory and results in a smaller pressure loss. 

2 The heating-zone length also may be increased and the 
section thickness decreased. These should be held to a minimum 
since they increase the pressure loss. 

3 The spreader construction is very important, for by the use 
of an internal heater the heating rate can be increased 50 per cent. 

4 Pressure losses may be considerably lowered by proper at- 
tention to the cold zone. A high wall temperature in the cold 
zone is desirable. Even a change in plunger design to accommo- 
date its working against partially melted material should be at- 
tempted. 
an increase in the plunger diameter. 


Further decrease in pressure loss can be obtained by 


These design changes, within limits, should greatly improve 
the heating chamber discussed. They also would apply to other 


specific designs patterned after the Gastrow unit. 


Discussion 
W. R. McLatn.* Conclusions of the paper as to the large 
pressure losses that are possible in the cold zone would indicate 
that this particular zone would be an excellent place to consider 
design changes. Would it not be 
possible to add another controlled heating zone extending from the 
rear of the present heating cylinder to the point of the withdrawn 
end of the injection plunger? This could be insulated from the 
sleeve to the rear and if neeessary the rear sleeve could be water- 
cooled. This would provide a certain amount of preheating of 
material which feeds in front of the piston during the time of the 
evele that the injection piston is in the reversed position. 
If this were possible then the pressure drop in the cold zone 
Pressure 


Several questions are obvious. 


should be minimized as shown in Fig. 9 of the paper 
loss also should be reduced in the rear of the eylinder as the 
viscosity would tend to drop faster in the rear ranges than in a 
case where no preheating is done, 

This might involve certain design difficulties, but it would seem 
to be a possible approach to greater capacity of plasticization, as 
well as better preserved injection pressures, 

One other question relates to several factors mentioned in the 
paper. Experiments possibly have been made along this line, 
but it still seems to present a good basis for discussion and further 
study. Would it be possible to alter the spreader design so that 
it tapered on a gentle slope for most of the length of the heater and 
passed through a thinner wall section at the forward end? One 
factor entering the functioning of the cylinder would then be a 
larger over-all inventory providing more contact time. If the 
rear slope could be plotted so that it was based on a minimum pres- 


7** Basic Features Influencing the Performance of Injection Mould- 
ing Machines,” by E. Gaspar, a paper delivered at the British Plastics 
Convention, 1951. 

§ President, Kusan, Ine., 
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sure loss due to wall thickness and a progressive decrease in 
viscosity resulting from heat absorption, then some losses of the 
rear zone might be reduced. 

The thicker rear-slab thickness would, of course, pick up heat 
more slowly, but would eliminate entry to a thin slab section of 
relatively low-temperature material. The front-slab thickness 
could possibly then be even less than at present because of the 
fluidity of the material by the time it reached this point. It 
seems that present design with almost uniform slab thickness from 
rear to front introduces a higher friction and lowers inventory with 
a resulting shorter contact time. Such design also would increase 
inventory of material in the heater without increasing its size. 

These are questions which may have been answered, but if not 
satisfactorily, it would seem that work along these lines to deter- 
mine precise effects would be of considerable value. 

The authors indicate that each dimension is changed independ- 
ently for plotting in Fig. 8. It is assumed that spreader diameter 
is varied with heater-body bore, so as to maintain constant slab 
thickness, but this is not stated clearly. 


Avcrnors’ CLosuRE 
He has 


raised some interesting points on which the authors can be of 


Mr. MeLain's comments are greatly appreciated, 


little assistance except to agree that further study is needed. 
The addition of another controlled heating zone, wherein the 
plunger would operate, has excellent possibilities of increasing 
plasticization and decreasing pressure losses. 
It would also seem that there must be an optimum design 
Such an analysis re- 
quires clarification of assumptions already made in this paper. 


which would involve a tapered spreader. 


Pressure losses through straight sections, where temperature 
variations exist, is only one to be considered. As was pointed 
out in the paper, the knowledge of pressure requirements is 


limited to equilibrium conditions. 
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Mr. MeLain’s assumption is correct, in that the spreader — 


diameter is varied with the heater-body bore while maintaining 


a constant slab thickness, in plotting Fig. 8. While this was 


implied, the authors agree that it should have been clearly stated | 


in the paper. 
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Furnace Heat Absorption in a Spreader-- 


Stoker-Fired Steam Generator 


Furnace Heat-Absorption Efficiency as Shown by 
' Enthalpy of Gases Leaving the Furnace 


By J. 


This paper is part of the fifth of a series of reports on in- 
vestigations of heat absorption and distribution of heat 
transfer in large steam-boiler furnaces, sponsored by the 
ASME Special Research Committee on Furnace Perform- 
ance Factors. The furnace heat absorption was deter- 
mined from the temperature and composition of the fur- 
nace exit gases in fifteen tests on a steam generator rated 
at 165,000 Ib per hr of steam at 915 psig and 740 F at the 
superheater outlet, and which is fired by a spreader stoker 
on a front-discharge traveling grate. The eflect on fur- 
nace heat-absorption efficiency is shown for variation of 
(a) the heat available in the furnace, (6) the excess air, (c) 
the percentage of combustion air admitted over the fuel 
bed, and (d) the condition of the furnace walls with respect 
to ash deposits. Detailed data on the distribution of gas 
temperature and of excess air in the furnace are presented. 
The experimental values for the furnace heat-absorption 
efficiency did not compare favorably with values calculated 
by either the Stefan-Boltzmann or the Wohlenberg equa- 
tions. There is evidence, however, that the performance 
of a spreader-stoker-fired furnace might be predicted by 
the Wohlenberg equation if it were modified to allow for 
heat transfer resulting from a combination of suspension 


and fixed-bed burning. 


4 \ transfer on the furnace walls of boiler No. 2 at the Whiting 


Plant of the Carbide & Carbon Chemicals Co., Whiting, Ind 
The unit is a two-drum boiler rated at 165,000 Ib of steam per hr, 
This is the 
fifth in a series of comprehensive investigations of heat transfer 


INTRODUCTION 


Investigation was conducted to determine the furnace 
eat-absorption efficiency and the distribution of heat 


and fired with a spreader stoker on a traveling grate 


in steam-boiler furnaces by the Special Research Committee on 
Three of the former 
Investigations were on pulverized-coal-fired units (1).4 and one 


Furnace Pertormance Factors of the Society. 


was on a natural-gas-fired furnace (2). The present investigation 
is the first concerned with spreader-stoker firing. 

This paper presents the results of the determination of furnace 
heat-absorption efficiency by the Combustion Research Section of 

'Chemical Engineer, Combustion Research Section, Coal Branch, 
Bureau of Mines 

?Chief. Bituminous Coal Utilization and 
Region VIEL. Bureau of Mines. Mem, ASME 

§ Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Researeh Committee on Furnace Performance 
Factors and the Fuels Division and presented at the Annual Meeting, 
New York, N. Y., November 30° December 5, 1952, of Ture American 
Socrety oF MrcHantcar ENGInters. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, Noverm- 
ber 6, 1952. Paper No. 52--A-143. 
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the Bureau of Mines, as part of the research program (in co-opers- 
tion withthe committee) to study factors affecting furnace per 
formance. The distribution of heat transfer on the furnace walls 
is the subject of the companion paper to this one (3) 

Fifteen tests were made on the subject boiler to determine the 
effect on furnace heat absorption of variations of load, excess air, 
and conditions of overfire air. The available time did not permit 
a study of the effect of varving the speed of the feeders and the 
trajectory of the coal. Accordingly, normal operating procedure 
was followed with respect to feeder adjustments, 

The furnace heat absorption has been define as the heat trans 
ferred by convection to the furnace walls, not including the 
sereen, and the heat transferred by radiation to the furnace walls 
including the screen. The heat absorption in the furnace was ob- 
tained as the difference between the net heat available and the 
heat losses, the latter including the sensible heat in all the prod- 
With 


slight modifieation, method b, paragraph 7, of the ASME: Test 


ucts of combustion and the radiation and convection losses 


Code for Stationary Steam-Generating Units was followed 

The net heat available was obtained by an over-all heat bal- 
ance of the entire unit, using the temperature and composition 
of the gases at the air-heater outlet and the flow rate and enthalpy 
of the steam generated. Calculation of the sensible heat in the 
gases leaving the furnace necessitated measurement of the gas 
temperature and composition ahead of the screen at the furnace 
outlet. These determinations were made by techniques and 
equipment developed by the Bureau of Mines for furnace testing 
(4). 

In addition to the temperature and composition of the gas at 
the furnace outlet: similar data were obtained near the mid- 
elevation in the furnace for three of the tests, to study fluid-flow 
and heat-transfer patterns within the combustion chamber 
Dust loading of the stack gases was measured for several of the 
the effects 


of operating variables upon the fly-ash concentration and to pro- 


tests by Western Precipitation Corporation to study 
vide necessary data for material-balanee calculations, The gas- 
temperature and composition data, and computed results, are 
tabulated completely the paper. 


Mernops or Test 


Fig. lois a sectional side elevation of 
The 
ft high from the top of the grate to 
The width is 18 
The 


The rear furnace wall, from the lower 


Description of Furnace 
the unit, showing the arrangement of the component parts, 
furnace is approximately 25 
the center of the screen at the furnace outlet. 
and the depth from front wall to rear wall ft 6 in 
furnace volume ts 6600 cu ft. 
drum to the outlet, is nearly completely water-cooled and consists 
The front wall and the por- 
tion of the rear wall below the lower drum consist of 3'/4-in. tubes 


of 3°) tubes on centers, 


on 6%/-in. spacing, and the two side walls consist of 3! 
All walls contained a 3-in. layer of tile 
The rear-wall 


ein, 
tubes on spacing. 
directly behind, and in contact with the tubes. 
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tubes are bent forward and arranged in three rows to form the 
screen, With a spacing of 12 in. center to center between rows and 
a spacing of 10'/, in. center to center between tubes in each row, 
The screen tubes enter a header at the front of the unit. The dis- 
tance from the rear wall to the header is 13 ft 10 in., giving a 
furnace-outlet area of 241 sq ft. The total projected area of 
water-cooled surface in the furnace is 1240 sq ft, including the 
area of the furnace outlet. The effective radiant heating surface, 
calculated by the method of Mullikin (5) is 1752 sq ft. 

The furnace is fired with a spreader stoker on a continuous- 
front-discharge traveling grate consisting of two sections. There 
are six individually adjustable feeders on the front wall, each 
supplied by a separate duct with coal from an overhead bunker. 
Cinders from the dust collector and from the last pass of the 
boiler are reinjected to the furnace through nozzles located on the 
rear wall 18 in. above the grate surface. There are 10 nozzles for 
the dust collector and 8 for the boiler hopper spaced approxi- 
mately uniformly across the wall, except that there is none close 
The cinder-return system is arranged for con- 
In addition to the air supplied with the 


to the corners, 
tinuous reinjection only, 
cinders, overtire air is admitted through 15 jets evenly spaced 30 
in, above the grate in the rear wall, through 11 jets 8 ft 4 in. above 
the grate in the front wall, and through 12 nozzles just under the 
coal feeders. The overfire-air system is arranged for using either 
cold or preheated air, 

Combustion air is supplied by a forced-draft fan and preheated 
ina tabular-type air heater. An induced-draft fan is mounted 
on the roof between the air-heater outlet and the stack. A 
separate blower is used to supply the high-pressure overtire jets. 

Location of Survey Points. The gas-temperature and composi- 
tion surveys at the furnace outlet were made by means of a water- 
cooled high-velocity thermocouple probe inserted through observa- 
tion doors and specially installed openings on each side of the 
Meas- 


furnace about 9 in. below the lower row of screen tubes. 
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urements were made at three positions in each of the seven doors, 
giving the distribution shown in Fig. 2 which is a diagram of the 
furnace outlet in a plane parallel to the screen tubes, as viewed 
from above and from the front wall. 
designated by letters, and the arbitrary positions, chosen to 
The 
opening could not be placed at the desired location on the right 
outside the furnace. Therefore 


The sampling doors are 
represent equal area divisions, are designated by numbers. 


side owing to obstructions 
measurements were made at two locations, A and B, and weighted 
with respect to area in obtaining average values at the furnace 


outlet. 
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hia. Distrisution or Sampiina Points at Mip-EvevaTion 1N 
FURNACE 


In three of the tests gas-temperature and composition surveys 
were made at an elevation about 15 ft above the grate to study 
fluid-flow and heat-transfer patterns within the furnace. The 
distribution of sampling points was similar but not identical to 
that at the furnace outlet and is shown in Fig. 3, 
through the furnace normal to the walls. 

Gas composition was determined at the induced-draft-fan out- 


section 


let, and both temperature and composition were determined at 
the air-heater outlet to provide data for calculating the heat balance 
for the entire unit. At the air-heater outlet the determinations 
were made at two positions in each of six openings in the duct. 

Instrumentation and Analytical Methods. The instrumentation 
and techniques employed for determining the gas temperature and 
composition were discussed in detail in recent publications (4, 6). 
Only such procedures as deviated from former practice will be 
discussed in this paper. 

Since coal seales are not used at this plant, the firing rate could 
not be determined by the usual method of direct weighing. There- 
fore an accurate temperature survey was made on the flue gas at 
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the air-heate: outlet to provide data for calculating the heat input 
by heat balances on the entire unit. Bare chromel-alumel thermo- 
couples were considered satisfactory for this purpose because the 
gas temperatures were relatively low and the duct was well 
insulated, reducing to a minimum the errors resulting from radia- 
tion from the couple. The other gas and air temperatures re- 
quired for a heat balance on the air heater were obtained with re- 
sistance thermometers in the appropriate ducts and connected 
to recording instruments on the plant control board. Steam-flow 
rate, steam temperature and pressure, drafts, and other pertinent 
data were obtained with regular plant instruments, 

The humidity of the air was determined by wet and dry-bulb 
measurements on a stream tapped from the duct between the 
forced-draft fan and the air heater, 

Coal samples were obtained from each of the six chutes serving 
the individual coal feeders. Increments representing the full 
depth of the chute were taken at regular intervals with a scoop, 
following ASTM specifications as closely as possible. The gross 
samples were shipped to the laboratories, where screen analyses 
All other analyses were made by the Coal Analysis 
Samples of the ash-pit refuse, 


were made, 
Section of the Bureau of Mines. 
the reinjected cinders, and ash from the discharge end of the grate 
were also obtained for analysis. 

The dust concentration was determined in the stack gases for 
several of the tests by the Western Precipitation Corporation, 
following procedures recommended by the company and by the 
ASME Code. 

General Test Procedure. The load was adjusted to the desired 
value several hours before each test was begun to insure equi- 
librium conditions in the fuel bed. The air rate ¢lso was adjusted 
to give approximately the desired excess-air value. The overfire- 
air rate, for most of the tests, was adjusted to the minimum 
amount required to eliminate excessive smoke and fly dust in the 
stack discharge. For two of the tests, however, considerably more 
than the required minimum of overfire air was used. 

When conditions permitted, the ash pit was cleaned just before 
the test and again after the test, a representative sample being 
taken of the material discharged after the test. 
feasible, samples were taken at intervals at the discharge end of 


When this was not 
the grate through each of six inspection doors. In several tests 
ash samples were taken from both locations to evaluate the 
accuracy of the grate samples. 

Lach test was begun as soon as final adjustments to the air rate 
gave the desired excess-air value at the induced-draft-fan outlet. 
The actual test period continued for a variable time interval of up 
to 4 hr, depending upon the ease of making some of the determina- 
tions. In 11 of the tests gas-composition surveys were made 
at the air heater or at the induced-draft fan immediately before 
and after the furnace-outlet survey. One test was similar to 
these 11 that the inter- 
rupted and the second air-heater survey was made just before 
The three final tests 


except furnace-outlet) survey was 
resuming operations at the furnace outlet. 
included gas-temperature and composition measurements at an 
elevation near the middle of the furnace. In one of these tests 
the air-heater surveys were made at the beginning and end of the 
test period, while in the other two tests an additional survey was 
made at the air heater between the sirvevs at the furnace outlet 
and at During 12 of the tests the tem- 


peratures at the air heater were determined with the recor ling 


the lower elevation. 


potentiometer simultaneously with gas-comoposition data, but in 
three of the tests these temperatures were obtained by means of a 
portable potentiometer simultaneously with the furnace traverses, 

Coal sampling was started at the beginning of the tests and 


In ail 


continued until the desired gross sample size was obtained, 


cases the shipping containers were filled completely to mini.nize 


changes of moisture content. 


Meruops or CaLcuLaTion. 

Flue-Gas Temperature. The flue-gas temperature at the furnace 
outlet was taken as the arithmetic average of the individual 
readings at the survey positions, except that the readings for 
several points were weighted according to the area represented as 
discussed earlier. 

Numerous tests were run to compare the performance of the 
type E and G radiation shields used in the survey with that of the 
MUVT shield, which has been accepted widely as a reference 
standar 1. Ilowever, these tests were inconclusive because of 
rapid and wide fluctuations of temperature in this furnace. Ac- 
cordingly, the observed temperatures were corrected to the 
MUVT basis by using factors from a previous investigation (6) 
in a furnace with more stable temperature conditions. These 
factors include the calibration corrections of the individual ther- 
mocouples, 

The temperature at the air heater was obtained by averaging 
arithmetically the observed values from the surveys corrected for 
the thermocouple calibration, 

Gas-Composition Data. The gas composition at the furnace 
outlet varied considerably with the sampling location, the oxygen 
concentration being much too high at a number of points to be 
measured by the automatic oxygen recorder, Therefore it was 
considered that the gas composition at the air-heater outlet would 
be more representative of average conditions in the furnace due 
to mixing of the gases that occurs between the furnace and air 
heater, Leakage between the two locations was negligible be- 
cause the air heater was of the tubular type and the boiler casing 
was very tight. 

Early in the test series it was discovered that the gas composi- 
tion at one point in the outlet from the induced-draft fan was 
essentially the same as the average value for the air-heater outlet. 
This suggested the possibility of using the composition at that one 
point of the fan outlet to represent the average conditions in the 
furnace. Some concern was felt over the possibility of leakage at 
the fan shaft, but a plot of the observed oxygen-concentration 
data showed that no error was introduced from this source. This 
is seen in Fig. 4 in which the average oxygen-meter reading at the 
air-heater outlet is plotted against the meter reading at the fan 
outlet. The greatest deviation occurred when the oxygen con- 
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centration was lower at the fan than at the air heater. Therefore 
the discrepancies were ascribed to fluetuations in conditions 
rather than to leakage of air into the system. 

The possibility also was considered that this good agreement 
may have resulted from a fortuitous selection of the sampling 
point in the duct leading from the indueed-draft fan. Conse- 
quently, a survey was made in this duct, with the results shown 
in Fig. 5. 
ferent times during the survey. 


The four values at one point were obtained at dil- 
Since the variation at this 


3 2 
SAMPLING POSITIONS 


OF OxYGEN CONCENTRATION ACKoss OUTLET 
Duct or Fan 
(Numbers indicate uncorrected readings of oxygen meter.) 
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point is greater than the variation over the entire survey, it was 
concluded that the gas was very well mixed by the fan and that 
the variations in composition result from fluctuations in average 
conditions in the furnace, 
gas composition at the fan outlet in the material and heat- 


Accordingly, it was decided to use the 
balance calculations. In addition to being more representative 
of the average conditions at any time, the simplicity of the 
measurement enabled a large number of determinations to be 
made during a test. This provided better averages with respect 
to time than would one or two lengthy surveys at some other 
point in the system. 

It is believed that the foregoing method could be applied readily 
to other furnaces with tubular air heaters where the casing is 
fairly tight and the fan shaft is sealed reasonably well. 

Heat Balance on Entire Unit. Since no means were provided for 
direct weighing of the coal supplied to the furnace, it was neces- 
The heat input 
in the coal and in the combustion air and the total heat losses were 
The heat trans- 
ferred to the steam is the difference between the heat input and 
The heat transferred to the steam was obtained also 
from the hourly rate of steam flow and from the steam properties. 
These two methods of determining the heat transferred from the 


sary to make a heat balance on the entire unit. 
obtained in terms of the quantity of coal used. 


the losses. 


combustion products to the steam provided the necessary informa- 
tion for calculating the coal-feed rate 
Furnace Heat and Material Balance. 
the furnace was calculated as the difference between the net 
heat available in the furnace and heat lost from the furnace in the 
products of combustion and by radiation and convection from the 
furnace casing. The net heat available is the sum of the lower 
heating value of the fuel fired (corrected for unburned combusti- 
ble), the sensible heat of the returned cinders, and the enthalpy 


The heat absorption in 


TRANSACTIONS OF 
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The enthalpy and 


quantity of the preheated air were obtained by a heat balance on 


above SO F of the air used for combustion, 


the air heater, using the temperatures of the gas and air entering 
and leaving the heater and the quantities of the constituents in 
the flue gas. The quantity of the unheated air was obtained by 
difference and its enthalpy was calculated for the temperature 
entering the heater. 

The dust concentration in the flue gas was determined for five 
of the tests covering a wide range in steam load and in excess air 
From these data, values were interpolated for all the other tests. 
Since the fly dust was not analyzed, the combustible content was 
assumed to be equal to that of the collected cinders, which was 
determined for all tests. This assumption was based upon results 
of investigations by Holton and Engdahl (7) and Morrow, Holton, 
No facilities were available for determining the 
quantity of collected cinders returned to the furnace. On the 
basis of the predicted performance of the dust collector and of 
data given by the authors, previously cited, it was estimated that 
the concentration of cinders and dust at the furnace outlet was 
twenty times the fly-ash concentration at the stack. 
data and assumptions and from the combustible content of the 


and Wagner (8). 


From these 


ashpit refuse it was possible to calculate the distribution of ash 
and unburned carbon between the stack and the ashpit. 

In making the heat balance it was assumed that the tempera- 
ture of the ash and cinders at the furnace outlet was the same as 
that of the gases, and that the temperature of the reinjected 
cinders was the mean value between the gas temperatures at the 
last boiler pass and at the entrance to the dust collector. A con- 
stant temperature of 680 F was assumed for the discharge from 
the ashpit. A mean-specific-heat value of 0.27 Btu per lb deg F 
was used for all the solid products of combustion. 

The enthalpy of the furnace-exit gases was calculated from the 
quantities of the individual gas constituents and their heat con- 
tent, above 80 F, obtained from the tables of Heck (9). The heat 
loss from the casing of the unit was obtained from the ABMA 
Standard Radiation Loss Chart, shown in the ASME Power Test 
Code for Stationary Steam Generating Units (1946). For the 
furnace, the radiation loss was taken as one half that of the entire 
unit. 


Resutts or Tests 


Description of Tests. Four tests, Nos. 4, 5, 11, and 15, were 
made at full load: six tests, Nos. 1, 2, 3, 7, 10, and 14, at three- 
quarter load; and five tests, Nos. 6, 8, 9, 12, and 13, at half load. 
The object was to determine the effect on furnace heat-absorption 
efficiency of load, excess air, and different conditions of overfire 
air. The excess air ranged from a minimum of 17 per cent at 
three-quarter load to a maximum of 65 per cent at low load. 
The range was narrower for the full load owing to limitations im- 
The pertinent 
operating data and results obtained during the fifteen tests are 
summarized in Table 1.4 

The fuel burned was a high-volatile-C bituminous coal from the 
No. 9 Seam, Ohio County, Ky. 
mined, the analysis was very uniform, including even the moisture 
The characteristics of the fuel 


posed by the capacity of the induced-draft fan. 


Although the coal was strip- 


content, during the series of tests. 
and the combustible content of the various solid residues are 
shown in Table 2. 

Since the 
distribution of temperature and gas composition, as well as over- 
all efficiency values, are frequently significant 
characteristics, such data at the individual survey points are in- 
eluded in Tables 3 and 5. In three of the tests, Nos. 13, 14, and 
15, the survey included measurements at the mid-elevation of the 


Distribution of Temperainre and Gas Composition. 


performance 


* The symbol KB used in tables and figures signifies 1000 Btu 
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TABLE 3 OBSERVED? TEMPERATURE OF GAs, DEG P, 


AT FURNACE OUTLET 


FURNACE-PERFORMANCE FACTORS 


IN FURNACH 


AT MID ELEVATION 
OF FURNACE 


Position 


@ Uncorrected for shield effects. 


furnace, and measurements were made at the furnace outlet for 
all the tests, The temperatures in Table 3 are observed values, 
determined with the high-velocity thermocouple. For the heat- 
absorption calculations the averages were converted to the 
MUVT basis by adding the corrections shown in Table 4. This 
table was prepared from data in earlier publications, mentioned 
previously. 


ADDED TO OBSERVED TEM- 
ASME FUR- 


TABLE 4 CORRECTIONS TO BE 
PER 
WHITING, 


{TI RES TO CONVERT TO BAW MUHVT BASIS. 
NACE HEAT-ABSORPTION TESTS. BOILER NO. 2, 
IND. 


Observed temp, Correction, 
deg 
2100 
2200 
2500 
2400 
2500 


Observed temp, 
deg 
1700 
1400 
2000 


Correction, 
deg F 


~The gas compositions in Table 4 are expressed as per cent ex- 
cess air, since such values are generally more familiar than are the 
oxygen percentages measured by the instrument. 

Distribution plots of the temperature and excess air were pre- 
pared for all the tests, Examination of these plots revealed that 
the patterns of both gas temperature and excess air depended 
essentially upon the mass flow of flue gas through the furnace 
and that they were independent of load and excess air, except as 
these quantities control the mass-flow rate. Fig. 6 shows the 
plots of three typical tests that are sufficient to illustrate the 
various types of patterns obtained in the entire series of tests. 
Similar plots for the other tests may be constructed readily from 
the data of Tables 3 and-5. 

The most uniform excess-air distribution occurred at the very 
low mass-flow rates, test No. 13. The minimum value occurred 
near the center of the plan of the furnace outlet and the value in- 
ereased slightly toward each side wall. Little change was noted 
from the front to the rear wall. As the mass flow increased to 
170,000 Ib per hr the distribution shifted from the pattern with 


Position 


WARE 


the gradient predominantly from the center to the sides to a 
pattern whose gradients were essentially from front to rear as in 
test No. 3. 
low mass-flow rate, 
with increased mass-flow rates, but the distribution changed much 
more sharply at the highest rates, test No. IL. 


The gradient also is somewhat steeper than for the 
The front-to-rear pattern was maintained 


The effect of mixing the gases as they pass upward through 
the furnace is illustrated by the two excess-air plots for test No 
13. Although the general appearance of the pattern is the same 
at the furnace outlet as at the lower elevation, the steep gradients 
at the lower level were smoothed considerably by the time the 
gases had reached the sereen. This is shown by the wider spacing 
of the contour lines. 

The excess-air plots furnish a clue relative to the velocity dis- 
tribution of the gases as they leave the furnace. It was men- 
tioned earlier that the average excess air was obtained from an 
analysis of gas after being mixed by the induced-draft fan. There- 
fore, if this value does not agree with an average obtained from 
the furnace-outlet survey, it indieates that the velocity distribu- 
tion at the furnace outlet is not uniform. For example, in the 
plot for test No. LL it appears that a contour line of about 70 or 
80 per cent excess air would represent the average value weighted 
for area, whereas the true average is approximately 42 per cent. 
This suggests that the mass velocity in the areas with excess air 
less than 42 per cent was considerably higher than the velocity in 
the remainder of the furnace outlet, For test No. 11 this area in- 
eludes about one fourth of the furnace outlet near the rear wall 
Similarly, for test No. 3, the mass velocity is higher in the rear 
third of the furnace outlet. In test No. 13 the velocity appears to 
be higher in the center third of the area at the lower elevation but 
may be fairly uniform at the outlet, since the contour at the 
average value bisects the area approximately. 

The temperature plots show gradual displacement of the 
maximum value from the center of the furnace outlet to the rear 


wall as the mass flow of gas increases, At the low mass-flow rate 


Test No 
OS 
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EXCESS AIR, PERCENT 


Test 11 


Test 3. Intermediate load 29.2 percent excess air 17.3 percent overfire air 170,000 Ib. per hr. flue gas Furnace outlet 
| | | | 7 


D 


SAMPLING DOORS 


| 
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Test 13. Lowload 41.6 percent excess air 16.5 percent overfire air 128,000 Ib. per hr. flue gas 
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SAMPLING POSITIONS SAMPLING POSITIONS 
Test 13 Low load 41.6 percent excess air 16.5 percent overfire air 128,000 Ib. per hr. flue gas Mid elevation of furnace 


Fie. 6 Disrrisution of TEMPERATURE AND Excess IN FurNace aT Dirrerent Mass-Frow Rates or Frur Gas 
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"TRANSACTIONS OF THE ASME 


(test No. 13) the contour lines are essentially concentric with the 
high spot in the center of the area. At medium flow rate (test No. 
4%) the maximum value extends from the center to the rear wall, 
with the gradient predominantly from the center to the front and 
side walls of the furnace, At the high gas-flow rate (test No. 11) 
the gradient is from front to réar and is much steeper than those 
at lower gas-flow rates, The high values are near the rear wall. 

In general, the high temperatures are located at regions of low 
excess air. This may be ascribed to two causes. The theoretical 
flame temperature is higher with the lower excess air, and the 
mass velocity was apparently greater in the regions of low excess 
air, a8 discussed previously. At the higher velocities a smaller 
portion of sensible heat of the gases would be transferred to the 
surroundings, owing to the shorter residence time of the gases, At 
the low gus-flow rate (test No. 13) the gas composition was fairly 
uniform and the gas velocity apparently did not vary widely. 
In this case the high spot is in the center because radiation loss 
from the center would be less than the combined radiation and 
convection from the gas near the walls. 

The temperature gradients were smoothed somewhat between 
the lower elevation and the furnace outlet, but the most significant 
change was shifting of the maximum temperature from near the 
front of the furnace to the center (test No. 13), In other tests at 
higher mass-flow rates, not shown in this plot, the maximum 
temperature moved from the center of the furnace to the rear 
wall in traveling upward from the mid-elevation to the furnace 
outlet, 

There is no apparent reason for the better distribution of gas 
composition and velocity at lower mass-flow rates. Ordinarily it 
would seem that greater turbulence would result at the higher 
rates and give a better distribution of the gases. Variation in the 
distribution of overfire air among the various nozzles may be a 
possible reason for the behavior noted in this furnace. 

The use of hot overfire air did not have any noticeable effect 
upon the distribution of either gas temperature or composition. 
Test No. 5, with the overfire air at 320 F, and test No. 11, with 
the overfire air at 85 F, were used for this comparison. The total 
gas-flow rate for these two tests was almost identical, with 245,000 
I per hr for test No. 5 and 249,000 Ib per hr for test No. 11. How- 
ever, the percentage of total air admitted over the grate was 8.9 
and 12.7 for test Nos. 5 and 11, respectively. 
gradient was slightly higher near the left wall for test No. 11, but 
the difference was too small to signify any trend. The relative 
excess-air patterns for both tests were nearly identical, except 
that the general level was higher for test No. 11. The average for 
this test was 41.7 compared to 22.8 per cent for test No. 5 

Furnace Heat-Absorption Efficiency. The ealeulated furnace 
heat-absorption efficiency for the several tests is recorded in Table 


The temperature 


1. Attempts to correlate these values with excess air and net 
heat available gave unsatisfactory results. It was apparent, 
therefore, that other factors must influence the heat-absorption 
efficiency. Slag and ash deposits usually have considerable effect 
on furnace performance, and in this particular unit there is 
evidence that the relative proportions of air introduced under and 
over the fuel bed have some influence. Both factors will be dis- 
cussed in more detail 


CORRELATION OF RESULTS 


\s an aid to quick reference, a condensed suimn ary of the test 
data and results necessary for correlation is presented in Table 6, 
This table includes the slag and ash effectiveness factors and the 
heat-absorption efficiency corrected to theoretically clean wall 
conditions by means of these factors. 

Effet of Slag and Ash on Furnace Performance. The unsatis- 
factory correlation of measured heat-absorption efficiency with 
operating conditions, mentioned previously, was aseribed to 


RATING CONDITIONS AND RESULTS 


OPE 


CONDENSED SUMMARY OF 


6 


TABLE 


2 Rate of steam generation, my lb per hr 


4 


3 Excess air at I D fan, per cent 


a 


4 Overfire air, per cent of total air 


5 Overfire-air temperature, F 


6 Net heat available in furnace, kB/(hr)(sq ft) 


Heat absorption in furnace, kB/(hr)(sq ft) 


8 Furnace heat-absorption efficiency, per cent 


9 Slag and ash effectiveness factor 


10 Heat absorption in furnace, corrected to clean 
wall conditions, kB/(hr)(sq ft) 


11 Furnace heat-absorption efficiency, corrected 


to clean wall conditions, per cent 


Furnace heat-absorption efficiency calculated 


by the Wohlenberg equation, per cent — 


Original 


Assumed F=0.410 
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variable slag and ash deposits on the furnace walls. Accordingly, 
the heat-absorptien-efficiency values were corrected to clean wall 
conditions by means of “effectiveness factors” from Part 2 of this 
report by Feeley and Miller (3) and obtained by the method of 
Mumford and Bice (10). The magnitude of these factors, shown 
in Table 6, varies from 0.80 to 0.95. 

The furnace heat-absorption efficiency, corrected to clean 
wall conditions, is shown in Fig. 7 as a function of excess air and 
net heat available. At the low loads, that is, low values of net 
heat, the correlation is good except for test No. 9. At the inter- 
mediate loads good correlation is obtained for all the tests except 
No. 10. The slope of the curve is less steep at the low loads, indi- 
cating that the effect of excess air is less pronounced at the low 
loads. This effect is consistent with the results of other investiga- 
tions. 

The quantity and accuracy of the data for the high-load tests 
Ac- 
cordingly, the curve representing this group was constructed 


were inadequate to permit accurate location of the curve. 


parallel to the curve of the medium-load group, since experience 
with other furnaces has shown that excess air generally has about 
the same effect on heat-absorption efficiency at both load con- 
ditions. 

The lack of correlation for test No. 11 was ascribed to in- 
accurate data, since the efficiency was greater than the values at 
intermediate load, with all other test conditions apparently 
similar. The difference in overfire-air temperature was thought 
to be responsible for the unsatisfactory agreement of test No. 5, 
In this test overfire air at 320 F was used, whereas the overfire-air 
temperature varied from 84 to 106 F for all the other tests. 

Effect of Qverfire Air, Vixcept for the two tests noted previously, 
there appears to be some relationship between the deviations of 
the individual test points from the curves in Fig. 7 and the por- 
tion of total air introduced over the fuel bed. Thus test No. 9, 
with overfire sir greater than fer the other low-load tests, is 
located considerably below the corresponding curve. Similarly, 
test No. 10 had the lowest percentage of overfire air for the inter- 
mediate-load tests and is located considerably above the appro- 
priate curve. 
value than test No. 4, has a higher heat-absorption efficiency 
This 
relationship leads to the conclusion that the heat-abserption 
efficiency may be a function of overfire air as well as of excess air 
and net heat available. 

Fig. 8 is a plot of furnace heat-absorption efficiency, corrected 
to clean wall conditions, as related to excess air at various values 
of overfire air and of net heat available. In the construction of 
this figure it was assumed that, within the range of the variables in 
these tests, the efficiency was related linearly with excess air and 


Likewise, test No. 15, with a lower overfire-air 


than has test No. 4, relative to the mean curve at high load. 
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with overfire air, The overfire-air parameters then were calcu- 
lated to give the best fit with the experimental data for the low- 
For the full-load tests, however, a 
different procedure was followed, owing to the scarcity and un- 


and intermediate-load tests, 
certainty of the experimental data. In this case the slope and 
spacing of the lines were assumed to be the same as for the inter- 
mediate-load tests, and their relative location, as a group, was 
chosen to give the best fit with test Nos. 4 and 15, Test Nos. 5 
and 11 were not used in the correlation for reasons mentioned 
previously. The figure is shown ia three parts, each representing 
a different load value, to avoid the confusion that would result 
from overlapping in certain regions if all three groups of curves 
had been plotted on the same co-ordinates. 

It is evident that including overfire air as a parameter im- 
proved the correlation considerably for test Nos. 9, 10, 4, and 15, 
but the agreement for test Nos. 1 and 2 is not quite as good as in 
Fig. 7. Thus the over-all agreement was improved at the expense 
of a less satisfactory correlation for two of the tests. There is no 
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noticeable improvement in the correlation of test Nos. 5 and 11. 

Again the same general relationship between the effect of excess 
air and the net heat available is evident for the low- and in- 
termediate-load tests. 


The increased slope of the curves at inter- 
mediate load shows that the effect of excess air is more pronounced 
On the other hand, the effect of overfire air on 
the heat-absorption efficiency is more pronounced at the low loads. 
It may result from 
better penetration of the air jets at lower velocities of air through 


than at low loads. 
There is no apparent reason for this effect. 


the grates, or to a different distribution of the overfire air among 
the various groups of jets at different loads. 

At first glance the effect of overfire air may appear paradoxical, 
inasmuch as Fig. § shows higher heat-absorption efficiency at the 
lower values of overfire air, whereas it is conceded generally that 
the use of overfire air improves boiler efficiency. However, it 
should be pointed out that the primary advantage of overfire 
jets is improved combustion; consequently, the over-all efficiency 
of the unit will be greater. On the other hand, the furnace heat 
absorption calculated on the basis of the liberated heat will not 
be affeeted by the Therefore it is 
possible that the overfire air may influence the heat absorption in 


unburned carbon losses, 
a different manner than it does the completeness of combus- 
tion. 

The relationship between the variables can be more simply 
represented by Fig. 9 which shows the effeet of net heat available 


ERFIRE AIR, 


ENT EFFICIENCY 


R OV 


« 


ON EFFICIENCY 


CORRECTED TO CLEAN FURNACE CONDITIONS, PERCENT 


FURNACE HEAT 


70 80 90 100 


NET HEAT AVAILABLE IN FURNACE THR) (SO FT) 


or Opgratina Conprrions ON FuRNACE PeRrorn- 
ANCE FOR CLEAN WALL CONDITIONS 


hia. 


on furnace heat-absorption efficiency for different values of excess 
sir and of overfire air, Data used in constructing the curves were 
obtained from Fig. 8. The lower portion of the figure shows the 
heat-absorption efficiency at different values of excess air for a 
single value (15 per cent) of the portion of combustion air intro- 
duced over the fuel bed. The upper part of the figure gives cor- 
reetions to be added for operation at any value of overfire air 
within the limits observed in the tests. 

Data were available only at the points indicated, and the 


dotted portions of the curves were located approximately by 
linear extrapolation of the data in Fig. 8. 

The heat-absorption efficiencies are for theoretically clean wall 
conditions, from which the actual efficiency at any condition may 
be found by multiplying by the appropriate ash effectiveness 
factor. 

The curves of this figure show more clearly the effect of net 
At 20 per cent 
excess air the efficiency varies almost linearly with net heat availa- 
ble. 
signifies that the net heat available has less effect on efficiency at 
high load values than at low values. This effect may be due to 
increased convection heat transfer compensating for the lower 
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heat available on the heat-absorption efficiency. 


At the higher values of excess air the shape of the curves 


radiation at the high mass-flow rates. However, it should be 
noted that the data are less reliable in this region of operation, as 
discussed earlier. 

Vethod. Application of the 
Stefan-Boltzmann law to the calculation of furnace heat absorp- 
tion, us suggested by Mullikin (5), has been generally satisfactory 
for pulverized-coal firing. However, when this method was ap- 
plied to the present investigation the correlation was unsatisfae- 
tory. This is probably due to different heat-transfer processes of 
a fixed fuel bed as compared to those of suspension burning. 


Correlation by Wohlenberg’s 


Mullikin recognized this and gave correction factors to be used 
with stoker-fired furnaces. Nevertheless, the results were not 
satisfactory even when these corrections were considered. 

It was thought that the Wohlenberg method (11) of calculating 
furnace performance would be more satisfactory. 
that the method is empirical, in contrast with the Stefan-Boltz- 
mann law, but this empirical nature permits the use of a large num- 
ber of parameters to express a wide variety of furnace conditions. 

The Wohlenberg equation relates the fraction of the liberated 
energy absorbed by the furnace walls uw to the other variables in 
the following manner 

B= FR, Ks + C 
where F represents the w-value for a certain base condition. 
Values of 0.311 and 0.452 are used for stoker firing and pulver- 
ized-fuel firing, respectively. The A terms and C are correction 
factors for obtaining w when the conditions are other than those 
for the base problem. 
from the furnace volume, effective radiant heating surface, heat- 
liberation rate, total furnace area, percentage of excess air, heating 
value of coal, and the preheat in the combustion air. The 
effective radiant heating surface in turn is obtained empirically 


It is conceded 


These factors are determined empirically 


from the total area and the dimensions and arrangement of water 
tubes. A correction factor is provided for calculating the effective 
radiant heating surface for walls covered with ash deposits. 
However, this correction was not used in the present discussion. 
Inasmuch as the experimental values of furnace heat absorption 
already have been correeted to clean conditions, all comparisons 
are made on that basis. 

The p-values in the Wohlenberg equation were calculated for 
the series of tests with the recommended value of 0.311 used for 
F. Fig. 10 shows the calculated furnace heat-absorption cfli- 
cieacy, taken as 100 y, plotted against the corresponding experi- 
mental value for each test. Although the points are displaced a 
considerable distance from the 45-deg line denoting equal values, 
it is evident that most of the deta could be represented fairly well 
with « straight line; that is. a fairly consistent relationship is ob- 
served between the actual efficieney and the calculated efficiency, 
although they are not identical. 

The development of the Wohlenberg equation was based 
largely upon data in a report of the ASME Committee on Absorp- 
tion of Radiant Heat in Boiler Furnaces (12), Accordingly, it 
was assumed that the equation factors for stoker firing applied 
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(F-value in Wohlenberg equation 


specifically to the underfeed and chain-grate stokers used in that 
However, in spreader-stoker operation a con- 
Therefore 


investigation. 
siderable portion of the fuel is burned in suspension. 
it is likely that the F-value should lie between those given by 
Wohlenberg for stoker firing and for pulverized-coal firing. 
Accordingly, a value of O.41, obtained by trial and error, was 
assumed for F, and the w-values were recaleulated and plotted 
us shown in Fig. 11. Actually, revised values should be used for 
both F and Az, but the results would be the same for this study. 
Revision of the F-factor merely altered the relative position of all 
the points without changing the general pattern, 
Some similarity is evident between Figs. Il and 7. In Fig. 7 
the low-load tests and the intermediate-load tests could be repre- 
sented by straight lines except for test Nos. 9 and 10. The same 
situation holds true for Fig. Il as shown by the dotted lines, 
However, two additional tests, Nos, 6 and 13, do not fit with the 
others in Fig. 11. The fact that the data in this figure can be 
correlated that the Wohlenberg 
method does not correct adequately for the rate of heat liberation 
The deviation of tests Nos. 9 


aecording to loud Sugyests 
in a spreader-stoker-fired furnace 
and 10 is again apparent beesuse the Wohlenberg correlation has 
no provision for the effeets of overfire air, It will be reealled that 
the percentage of air admitted over the fuel bed in these two tests 
differed considerably from that for the other tests in the respec- 

heat Likewise the 
scattering of the full-load tests shown in Fig. 7 persists in Fig, 
Ii. As was mentioned earlier, the data for test No. 11 are be- 


tive groups designated by net available, 


lieved to be in error, and the use of hot overfire air may be re- 
sponsible for the deviation of test No. 5. 

Although « fair correlation may be obtained by this method if 
that 
a spreader-stoker-fired 


suitable constants and factors are used, it) appears an 


analysis of heat-transfer processes in 
furnace is complicated by the fact that both fuel bed and sus- 


pension burning occur simultaneously with this method of firing 


SUMMARY AND CONCLUSIONS 


Furnace heat absorption was measured in a stoker-fired boiler 
furnace at Whiting, Ind., in co-operation with the ASME Furnace 
Performance Factors Committee. The objective was to provide 
basic data on furnace performance and to relate the heat-transfer 
rates to the temperature drop through the wall tubes, the latter 
being determined concurrently by other investigators. The fur- 
nace heat absorption was determined as the difference between 
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F-value in Wohlenberg equation assumed at 0.41, 
to clean furnace conditions ) 


Efficiency corrected 


the net heat input and the heat losses, which comprise the sensi- 
ble heat in the products of combustion and the radiation and 
convection losses from the furnace casing. The net heat input 
was determined by heat-balance calculations on the entire unit 
The sensible heat in the furnace exit gases was obtained from tem- 
perature and composition measurements, employing techniques 
developed specifically for furnace testing 

Fifteen tests were made to determine the effeet on furnace heat 
absorption of variations in load, escess air, the percentage of 
combustion air admitted over the fuel bed, overfire-air tempera- 
ture, and slag and ash deposits. Only two values of excess air 
were used at full load owing to capacity limitations of the indueed- 
draft fan. 
the effects of variations in the adjustment of the feeders and 


Limitations on the time available prevented studying 


grates, Design and construction features of the furnace necessi- 
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tated operation with continuous reinjection of cinders from the 
last pass of the boiler and from the dust-collector hopper. 

A study of the data obtained at the furnace outlet showed that 
distribution of gas temperature and excess air depended essen- 
tially upon the mass flow of flue gas through the furnace. At low 
mass-flow rates the highest temperature occurred at the center 
of the outlet, and the gradient was nearly uniform toward all of 
As the gas-flow rate increased, the high-temperature 
zone extended gradually toward the rear wall, At the highest 
mass-flow rates the highest temperatures were found at the rear 


the walls. 


The gradient was predominantly from front to rear and 
The temperature 
spread at the furnace exit ranged from 300 F at low mass-flow 
rates to 1000 F at high flow rates. 

The excess-air distribution at the furnace outlet was quite uni- 


wall 
much steeper than it was at lower flow rates, 


form at low mass-flow rates of the flue gas, with a slight gradient 
At higher gas-flow rates 
the excess air varied considerably from the front to the rear wall, 
The 
minimum spread in excess-air values was 30 to 50 per cent at the 
lowest mass-flow rate, while the highest spread, 15 to 130 per cent, 
The distribution normally 


from the center toward the side walls, 


the higher values occurring near the front of the furnace. 


occurred at the highest gas-flow rate. 
would be expeeted to be more uniform at the higher mass-flow 
rates, Owing to greater turbulence. The opposite condition in 
this furnace was ascribed to less effective penetration of the over- 
fire air and to nonuniform resistance of the fuel bed to the com- 
bustion air at the higher rates, 

It was concluded that high gas temperatures generally occurred 
at the same locations as did low excess air, owing to higher 
theoretical flame temperatures and to a shorter residence time of 
the gas in these regions. A variation in mass velocity, and con- 
sequently residence time, was apparent from comparison of the 
excess-air values at the furnace outlet with the true average ex- 
coss air measured at the indueced-draft fan. 
that the mass velocity was highest in regions of low excess 


These data showed 


air. 

Data from surveys near the mid-elevation of the furnace for 
three of the tests, at different mass-flow rates, showed that the 
distribution of both temperature and excess air improved as the 
gases traveled upward to the furnace outlet. The use of hot over- 
fire air had no apparent effeet on distribution of either tempera- 
ture or excess air at the furnace outlet, as compared with the dis- 
tribution when using cold overfire air. 

An attempt to correlate furnace-heat absorption efficiency with 
This lack 


of correlation was ascribed to slag and ash deposits, since such 


net heat available and excess air was unsatisfactory. 


deposits generally have considerable influence on the performance 
of coal-fired furnaces. Accordingly, the heat-absorption efficien- 
cles were corrected to theoretically clean wall conditions by using 
slag and ash effectiveness factors. These factors, based upon 
visual observations of the furnace walls during the tests, varied 
from 0.80 to O.88 for all tests except one, for which the factor was 
0.95. Although eliminating the effects of the wall deposits im- 
proved the correlation considerably, there was still poor agree- 
ment in several instances, There was evidence that the per- 
centage of combustion air admitted over the fuel bed was re- 
spousible for the lack of agreement. Accordingly, overfire air was 
ineladed as an additional parameter and improved the general 
correlation for the series of tests. However, one test, using 
hot overiire air, did not fit well with the other tests in which cold 
overfire air was used, 

The maximum corrected furnace heat-absorption efficiency was 
61.3 per cent at low load, with 27 per cent excess air, and with 
16.7 per cent of the air introduced over the fuel bed. The lowest 
efficieney, 48.1 per cent, was obtained at intermediate load, with 
53 per cent excess air, and with 14.7 per cent overfire air. Al- 
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though the plotted results show that the minimum efficiency 
would occur at full load and high excess air, these conditions were 
not attainable, owing to reasons cited previously. 

The furnace heat-absorption efficiency decreased with increas- 
ing values of net heat available, with all other conditions held 
constant. At 20 per cent excess air and 15 per cent overfire air 
the efficiency varied almost linearly from 63.7 to 56.0 per cent at 
hourly net heat-input rates of 63 and 119 kB per sq ft, respec- 
tively.4 At higher excess-air values, up to 60 per cent, the net 
heat available had a greater effect on efficiency at low heat-input 
rates than at high rates. 

The heat-abserption efficiency decreased linearly with an in- 
crease of excess air at low and intermediate values of net heat 
available, the rate of decrease being more pronounced at the 
intermediate-load value. For example, at an hourly net-heat 
rate of 90 kB per sq ft, the efficiency decreased from 60.4 per cent 
to 45.3 per cent with an increase in excess air of from 20 to 60 
per cent. At a heat-input rate of 63 kB per sq ft, an inerease in 
excess air from 20 to 60 per cent resulted in a decrease of efficiency 
from 63.7 per cent to 55.0. Although the data were inconclusive, 
there is evidence that the effoet of exeess air at high heat-input 
rates was similar to that at intermediate rates. 

The amount of overfire air had a greater effect on heat-absorp- 
At low load 
and at 20 per cent excess air, an increase in overfire air from 15 to 


tion efficieney at low than at intermediate loads. 


20 per cent caused a decrease from 63.7 to 58.7 per cent in the 
efficiency. At intermediate net heat input a reduction in ef- 
ficiency of 61.4 to 58.9 per cent resulted from an increase of 15 to 
20 per cent in overfire air. Tho relationship between efficiency 
and overfire air appeared to be linear and to be independent of 
excess air at all values of net heat available. Although conclusive 
data are not available, the results of one test suggest that the use 
of hot overfire air would result in a decrease of efficiency as com- 
pared with the efficiency when using cold overfire air. 

The experimental value of furnace heat-absorption efficiency 
was compared with values calculated by the Wohlenberg method. 
The experimental values were 22 to 37 per cent higher than the 
caleulated values when using the equation factors recommend +d 
by Wohlenberg for stoker-fired furnaces. Better agreement was 
found by using assumed equation factors that lie between those 
recommended for stoker firing and for pulverized-coal firing. 
Nevertheless, the deviations between the calculated and experi- 
mental values could be correlated according to the net heat 
available. It was concluded, therefore, that the factors in the 
Wohlenberg equation are not adequate to correct for the rate of 
heat liberation in spreader-stoker-fired furnaces. Likewis>, no 
method is provided for correcting the caleulated value for the 
amount of overfire air, whereas it was shown that the percentage 
of overfire air had some influence upon the experimental heat- 
absorption efficiency. 

Inasmuch as difficulty was experienced in correlating furnace 
performance with operating conditions, it was concluded that 
more extensive investigations would be required to evaluate fully 
the effect of all the possible variables on the performance of 
spreader-stoker-fired furnaces. These variables are greater in 
number than for other methods of firing and include, among the 
more important items, grate speed, speed and trajectory adjust- 
ments of feeders, depth of fuel bed, distribution of coal on the 
grate, distribution of underfire and overfire air, arrangement and 
dimensions of the overfire-air jet:, temperature of the overfire 
air, and the method of reinjecting cinders 

It was concluded further that predicting the performance of a 
spreader-stoker-fired furnace by empirical methods is compli- 
cated by difficulties in analyzing the heat-transfer process for a 
combination of suspension and fixed-bed burning which is 


peculiar to this method of firing. 
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This is a report of test work performed under the aus- 
pices of the ASME Special Research Committee on Furnace 
Performance Factors, and covers the testing of a spreader- 
stoker-fired furnace. Previous test work was performed 
on three pulverized-coal-fired furnaces and one gas-fired 
furnace. In so far as possible the present test work fol- 
lowed the technique developed on the previous tests. 
Furnace heat absorption was determined by furnace heat 
balance and also by measuring the surface temperature 
Part 2 of this 


paper covers the measurement of furnace heat absorption 


of the exposed side of the furnace tubes. 
by the latter method. The test procedure required a series 
of tests to determine the stack dust loading. 
the many questions received concerning the results of 
this portion of the test work the data have been included. 


Because of 


INTRODUCTION 


q NHE performance of furnaces and steam-generating units 
has long been the subject of investigation by organized re- 
The test 


has followed two lines, one being under laboratory-con- 


search groups and independent investigators. 
work 
trolled conditions and the other test work on furnaces of actual 
steam-generating units. The many variables which affect fur- 
nace performance have made the application of laboratory data 
to furnace design difficult. The considerable quantity of data 
that has been collected in the past 25 vears is predominantly that 
relating to pulverized-coal firing. The rapid growth of spreader- 
stoker firing has created a need for more data for the guidance of 
designers and operating engineers. The ASME Special Research 
Committee on Furnace Performance Factors decided to meet this 
requirement by testing a spreader-stoker-fired steam-generating 
unit. 

The committee announced plans to test a spreader-stoker- 
fired steam-generating unit and requested suggestions concerning 
the test work. The response to the program was favorable and 
the suggestions of items to be eheeked indicated that the ex- 
ploratory work vet to be done on spreader stokers was far beyond 
the jurisdiction of this committee, It was impossible in the time 
allowed and the funds available to check but a few of the varia- 
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Furnace Heat Absorption in a Spreader- 


of Furnace ‘Tubes 


By F. G. FEELEY, JR.,' 


Stoker-Fired Steam Generator. 


Variation in Furnace Heat Absorption as Shown by 
Measurement of Temperature of Exposed Side— 


C. MILLER? 


AND E. 


variables which most significantly influence furnace performance, 
It was decided that the test work on the spreader-stoker unit 


should follow, as closely as possible, the test procedures fallow 


on the pulverized-coal-fired test units. It was agreed that the 


variables to be checked were rating, excess air, overtire air, and — 


fuel size. In the course of checking these variables other data 
necessarily were accumulated. 


clude stack-dust loading, fly-ash analyses, and carbon losses, 


These supplementary data 


Description OF 


The boiler selected for this test work is the No, 2 unit of three | 


identical units, in the Whiting, Ind., plant of Carbide & Car- 
bon Chemicals Company, a Division of Union Carbide and Carbon 
Corporation. The units were placed in service September, 1950, 
and the tests were run in June, 1951, 
arrangement of this equipment. The unit is designed to deliver 
165,000 Ib of steam per hr continuously at 915 psig and 740 F. 
The furnace is 18 ft 6", in. wide, 14 ft 6 in. deep, 24 ft 6 in. high 
from the grate surface to the slag-sereen tubes, with a furnace 


Fig. 1 shows the general 


volume of 6600 cu ft. All tubes in the furnace envelope are 3!/4 
in. OD spaced as follows: 
63/, in. and from lower drum to slag screen in., 
6 in., front wall between feeders only and extending between 
with the remainder 


rear wall from grate to lower drum 
side walls 


under-feeder and over-feeder headers in., 
of the front wall spaced 6% 4 in, 
tubes have 12 in. vertical spacing and 10'/, in. lateral spacing. 
The furnace-wall refractory is tangent to the back of the tubes 
The unit is fired by six spreader-stoker feeders in conjunction 
with an IS-ft-wide IS-ft-long front-discharge traveling grate. 
Intertube gas burners are located in the furnace side walls 

The cinder-return svstem continuously reinjects the fly ash 
from the boiler last-pass hoppers and dust-colleetor hoppers to 
There are eight 2'/-in. reinjection nozzles from 
reinjection nozzles from the 


the furnace, 


the boiler hoppers and ten 2'/.-in 


dust-collector hoppers. "The overfire-air system consists of fifteen 


nozzles in the rear wall, eleven nozzles in the 


front wall above the feeder, and twelve 4 nozzles beneath 
the feeders. A single fan supplies air for the cinder-return and 
overfire-air svstems of the three boilers. A seeond fan is held as 


The system uses hot air from the air preheaters but 


a stand-by. 
for testing One fan was arranged to supply cold air. 
testing, all but one test were run with cold overfire and reinjection 
alr, 

The grate ash is aecumulated in an ashpit and perioaically 


emptied onto a mechanical ash-conveyer system, 


Test 


The thermocouples for measuring furnace-tube outer-surface 


temperatures were installed during erection of the boiler and so 


bles that were suggested, therefore the committee selected those — 


The three rows of slag-sereen 


For ease of | 
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* 
were exposed to furnace gases for approximately 8 months be- 
fore the tests were started. The guard-ring method of attaching 
: ; Mate FURNACE SIDE AT SIDE WALLS FURNACE SIDE AT REAR WALL 
the thermocouple wires to the tube surface was used. This is the AND FRONT WALL 
method used for the Tidd and Paddy's Run tests and is illustrated 
in Fig. 2. The thermocouples are chromelalumel No, 22 gage 
glass-insulated duplex wire, Fig. 3 shows the locaticn and desig- 
nation of the thermocouple points on the developed furnace 
walls. No points were installed in the slag sereen owing to diffi- 
culty in carrying leads out of the hot-gaa zone, bs GUARD awa 
. HIGH TEMP CEMENT RING” 
Che thermocouple leads were introd ed into a Speed MAN Z sTancess STL PIPE. 
recorder through soldered connections, The Speedomax is a STEEL TUBING 
high-speed temperature-recording unit made up of seven banks of LZ ON : 
21 points each, For these tests, a total of only 70 temperature SECTION THROUGH 
GUARD RING 
points was used; so each furnace wall was assigned to a separate 
bank. The tube-surface temperature readings corrected for Fro. 2) or Tese-Surrace THERMOCOUPLES 
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ambient temperature were recorded on a strip chart and at the 
same time were indieated by a pointer on a temperature scale [Sean Med | 


from which they were read directly and recorded on a long sheet. 


The instrument produced a complete set of readings in 6 min. 


Test Procepurse 

The test schedule was set up to obtain data at the nominal Hittite ttttttt i 
steam loads of 120,000, and 160,000 Ib perhr. Each load Tl 
was to be run at 25 per cent, 40 per cent, and 60 per cent excess EEE CHER Bw Oe Ty ) 
air, resulting in nine tests. Unfortunately, it was not possible 
-—toruna test at the 160,000 Ib per hr, 60 per cent excess-air condi- 
tion owing to limited induced-fan capacity. Whenever possible, 
tests were run at each load condition to ascertain reproduci- 
bility of the data. tT } HH 

The unit was brought to the desired load and excess-air con- 
ditions and held there prior to each test. The air requirements Fic. 4 Strack-Dust Loavina 
for the cinder-return snd overfire-uir systems were adjusted 
manually to give optimum operating conditions. These auvil- 
iaryeair settings influence the furnace flame shape. The flame 
— shape during each test period was recorded as a part of the test 
data. 


each test period to obtain a grate-refuse sample, In those in- 
stances a representative sample was collected during the test 
from the discharge end of the grate. 

Extensive stack tests were run to determine stack dust load- 


No attempt was made to clean the furnace an 1 boile “ate 
o attempt was made t Prsasrbesis-siioes int boiler hea ings and combustible content in the refuse sbeareen the stack. 


absorbing surfaces directly before the tests as these surfaces were 0 ag exercised to assure reliable stack dust-londing meas- 
relatively clean. 

At the close of each test period, the furnace-wall ash coating 
at the various elevations and sections was estimated by observa- 
tion and recorded to provide data for assignment of slag-ash 
factors. The estimates were bused on percentage of projected 


urements, Samples were obtained by traversing the stack at a 
level 54 ft from its base. The stack is 7 ft diam and 80 ft high. 
Owing to the very low stack dust loadings the weight of stack- 
refuse sample collected was inadequate for analysis of carbon 
content; for caleulating stack earbon loss the carbon content 
of the dust-collector catch was used. A representative dust-— 
collector catch sample was drawn from each of the ten cinder- 


surface covered by slag. 
The boiler control panel provided all necessary flow, tempera- 
ture, and pressure readings. Air-flow data in the cinder-return 


return lives at $0-min intervals, 
cand overfire-air ducts were obtained separately. Fuel consump- 


The dust-colleetor catch analyses are included in the tabulated. 


i s calculate heat-balance tthod. T ride 
tion was calculated by the heat-balance method. To provide data of Part 1 of this paper, and the results of the stack dust 


a reliable sample of coal for analysis of composition and sizing, 

the samples were taken across the full depth of each of the six 

coal chutes at 15-min intervals throughout the test period, 

Owing to the rigid operating schedule the p ant iad to main- by Enthalpy of Gases Leaving the Furnace,” by J. W. Myers and 

tain, it was not always possible to empty the ashpit at the end of — R.C. Corey, published in this issue of the Transactions, pp. 909-923, 
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TRANSACTIONS 
loading are given in Fig. 4. A note of interest is the influence of 
excess air on stack dust loading. 


Mernop or CaLeuLaTion 


Calculation of heat absorption as shown by the measurement 
of the surface temperature of the exposed side of furnace tubes 
conformed to the methods used in previous committee tests. 
The basic equation is 


A Delta 7 
here 
= heat absorbed, Btu per hr 
= over-all surface to boiling 
liquid, Btu/sq ft /hr/deg F referred to outer sur- 


fuce 


conductance, tube 


A = effective heat-absorbing area, sq ft 
Delta 7) = difference between tube outside-surface tempera- 


ture and boiler-water saturation temperature 


The equation for deriving a value for U, is 


here 


= conductance of tube wall, Btu/sq ft/hr/deg F 
= conductance at inner surface, Btu/sq ft/hr/deg F 
© = conductivity of tube metal, Btu/sq ft /hr/deg F /in. 
= radius, center of tube to outer surface or thermocouple 
jJunetion, mn. 
radius, center of tube to inner surface, in, 


Conductance at the inner surface (", has been assumed to equal 
5000 Btu/sq ft/hr/deg F, a figure previously assumed for com- 
mittee work. Interpolating from recent available data‘* a con- 
ductivity value of tube metal k equal to 310 Btu/sq ft/hr/deg 
550 F has been 
ble discussions of this factor in the previous papers on furnace 
performance® and values of 300 and 348 have both been used. 
Calculated furnace efficiency varies directly as the conductance 
factor 

The furnace-wall tubes are 3'), in. OD with a wall thickness 
2.810 in. For caleulating 2, 
the thermocouple tip was assumed to be one wire diameter 


at used. There have been considera- 


of 0.220 in, and inside diameter of 


(0.082 in.) below the surface of the tube. Also assumed was 2 


mill tolerance of 15 per cent on tube-wall thickness, 


Nev Hear AVAILABLE 


The coal feed to the steam generator was caleulated by the 
The 


net heat available to the furnace was taken as the lower heating 


heat-balance method, sinee no coal weights were available 
value of the coal plus the sensible heat above 80 F in the pre- 


and Tubes for Elevated Temperature Service,” National 
Pube Company, Pittsburgh, Pa., Bulletin No. 26, p. 57. 

*'An Investigation of the Variation ir Heat Absorption in a 
Pulverized-Coal-Fired Water-Cooled Steam-Boiler Furnace Part 
in Heat Absorption as Shown by Measurement. of 
Surface Temperature of Exposed Side of Furnace Tubes,”” by L. B. 
Schueler, Trans. ASME, vol. 70, 1048, pp. 553-567 

“Furnace Absorption in Pulverized-Coal-Pired Steam 
Willow Island Station; Part 2— Variation in Heat Absorp- 
tion as Shown by Measurement of Surface Temperature of Exposed 
Side of Furnace Tubes,” by F. G. Ely and N. H. Twyman, Trans. 
ASME, vol. 73, 1951, pp. 449-450 


Variations 


(Crenerator 


OF THE ASME JULY, 1953 
heated forceed-draft air and reinjected cinders, less the loss due 
to unburned combustibles in the grate and stack refuse. The 
net available heat is shown in Table 1. 


OF HEATING SURFACE 


The caleulation of the waterwall heat-absorbing area takes: 
into account the effect of tube spacing on direct radiation and re- 
The Hottell curve for evalu- 
ating the effective heating surfaces of the furnace walls is shown 
in Fig. 5.) On this basis the total waterwall heat-absorbing area 
of the furnace was calculated to be 1752 sq ft which includes the 


radiation from the refractory.® 


gross furnace-outlet area at the slag screen, 


ite 


BY 


BE 


[TANGENT TUBE FACTOR £6 


bic. 5 Factors 

The Delta ‘T values are obtained by subtracting boiler-water 
saturation temperature from the test recorded values of tube- 
surface temperature, The Delta T values have been plotted on 
developed views of the furnace to give the isothermal patterns 
and together with the corresponding slag and ash-coverage dia- 
grams are shown in Figs. 6 to 20, inclusive. For the purpose of 
obtaining wall and furnace average Delta T the isothermal areas 
were planimetered and weighted according to the waterwall heat- 


absorbing surfaces. In arriving at the level average Delta T, 
arithmetical averages were taken of the Delta T values at the 
test points on each level. 

furnace 


With the furnaee heat absorption determined, the 


heat-absorption efficiency then becomes 


Q 


Net heat available to furnace 


died Siac-Asu Facrors 

The furnace heat-absorption quantities and efficiencies as de- 


= 100 


In order 
to reduce furnace performance to a common basis of comparison 


rived from recorded data are on a dirty-furnace basis. 


one of the uncontrollable factors affecting it must be canceled 
out. This is the slag-ash (S-A) coverage of the water tube heat- 
absorbing surfaces. The estimates of tube S-A coverage have 
been plotted on developed views of the furnace envelope and 
“jso-slag-ash” lines have been drawn to show the pattern of 
coverage, The basis of assigning S-A multiplying factors was 
proposed by Mumford and Bice? and corrected for tube spacing. 


The back sides of the tubes were always clean except for areas 


®*Radiant Heat Transmission,” by H. C. Hottel, page of 
“Heat Transmission,” by W. TH. MeAdams, second edition, MeGraw- 
Hill Book Company, Inc., New York, N. Y., 1942. 

7*An Investigation of the Variation in Heat 
Pulverized-Coal-Fired Water-Cooled Stean-Boiler Furnace. IV 
Comparison and Correlation of the Results of Furnace Heat-Ab- 
sorption Investigations,” by AJR. Munford and G. W. Bice, Trans. 
ASME, vol. 70, 1948, pp. 604. 607 


Absorption in a 


ahi. 
d 


SOOT 


SOT LIGHSY 


FACTORS 


000''7@ 00S°T6 00L'86 005°T6 000°S9 005'S9 00S‘OL 005'TS 009'8S TS UH NOT Le LYZH 


~ 
pa 
& 
= 

& 
= 
< 


moa 9:8 


LEO 


PEELEY, MILLER 


QYOT Tihs 40 


SEL 


LSZL 
SLT ONY VLVO AUVININIS 


- 
N a. S a a 3 
- 
82 2 $2 2° 
ke 8& 2 
= c 
c 
a R a ~ a 4 BOA 
o N 
4 
© N 
cy, 
. 
© 
- 2 
> 
8 a £ 
nn > 
= S o o 
” 
| | 
| | 
| 


JULY, 1953 


TEST NO. id 
$01 % Ful. LOAD 
45.12% EXCESS AIR 
ISOTHERMAL LT DIAGRAM 


RAG 


TEST 
FULL (OAD, 50.) % FULL LOAD 
45.1% EXCESS AR 
ASH COVERAGE DIAGRAM ASH COVERAGE DIAGRAM 


T Test 7 Isormerman Devry To Asu-Coverace Diagram Test 


& 


ELEVATION 
& 


TEST NO. 13 
41.6 7 ERCESS AR 65.6 EXCESS AR 
ISOTHERMAL GT DIAGRAM 


ISOTHERMAL OT DIAGRAM 
~ q 


COATING CATING 


— 
“AG SHEEN 


¥. 


ELEVATION 
+ 


vest NOLS 
SLi 7 Fink LOAD 52.2 FULL LOAD 
4.6% ame 65.6 AR 
ASH COVERAGE DIAGRAM ASrt COVERAGE DIAGRAM 
TsoTHeRMAL T ano Asu-Coverace Diagram Test fia. Tsornermat T anp Asn-Coverace Diacram Test 
No. 6 


No. 13 
8 
ws 


x = 
| 
LANSACTIONS OF THE ASME ® 
|® Ls A» a\ala *Va & | 
2147 
(SOTRLAMAL 
w 
69) 
z 
4s st 
ousy (0% | 
25 
baa. 
; 
@ 
s 
‘ 


FEELEY, MILLER -FURNACE-PER FORMANCE PACTORS 


TEST NOD 
SSOTFULL LLAD 
SiSTENCESS AR 
ISOTHERMAL DIAGRAM ISOTHERMAL DIAGRAM 


» 


Lice? 
COATING 


RIGHT 
FULL LOAD 
ERCLSS AR 
ASH COVERAGE DIAGRAM 


ASH COVERAGE DIAGRAM 
Deira T anp Asu-Coversce Diagram Test Fie. 11 Tsoraer wan Devra To Asn-Coversar 


No. 9 


723% FUL 
792% Ewes SAR 
ISOTHERMAL GT ALRAM 


& * 


ELEVATION 


FRONT 


TEST NOL 
LOAD 
4.5 2 EXCESS AR 
ASH COVERAGE DIAGRAM 


> Diacram Tisr 13) Isormermat Devta T anno Asa-Coversce DiaGnam 
No. 14 


ASH COVERAGE DIAGHAY 


Fie. 12.) IsorTmermat Devta T anp Asn-Coveract 
No. 3 


931 
— 
& 
d Q---------- : 
| 
Can\ 
é 
ut 
{ 
£454 & } \ 2745; 4 
LOAD 
BIR 
SOTHERMAL 
st \ 
| C= | 
ast | f 32 
TEST 
FULL LOAD 
ERCESS 


TRANSACTIONS OF 


%.77 LOAD 
37.9 7 EXCESS AIR 
ISOTHERMAL AT AM 


| MAG SCREEN 


40% 


ousT 
COATING 


%.7 FULL LOAD 
37.9% EXCESS AR 


+ 


ABH 


LIGHT Owor 


OATING 


THE 


JULY, 


Co 


ATING | COATING 


74.8% FULL 


52.7 XCES 


DIAGRAM ASH COVERAGE DIAGRAM 
Darra T Asn-Coverace Test Devta T anv Asn-Coverace Diagram Test 
- 


No. 7 


wt 


| 


TEST 

14.9 TF ULL LGAD FULL LOAD 
ESS 275% AR 
ISOTHERMAL AT {ISOTHERMAL MAL AT DIAGRAM 


Faas 


Ib 


FRONT 


TEST NO. 10 
497% fort 
$847 EXCESS AR 
ASH COVERAGE DIAGRAM 


IsoTHERMAL Devta T AsH-Coverace Diacram Test 


No. 10 


Devra T 


TEST NO.4 
% FULL LOAD 
EXCESS @R 
ASH COWERAGE DIAGRAM 


No 4 


Asu-Coverace Diacram Test 


ASME M1953 
w 
2 | | - 
TEST NOT 
M427 FULL LOAD 
S27TENCESS AIR 
WSOTHERMAL AT DAGRAM 
Bas Ess 
2 oz | 60% | 207% 
| — 
é 
« 
AS RE RGHT FRONT Lert 
60; 
| 
as | A 
— LEFT | REAR iT LEFT 
4 


& 
LEVEL AVG. AT 


= 
8 


ISOTHERMAL AT DIAGRAM © 


SCREEN 


LIGHT DusT 
COAT ING 


& 


ELEVATION 


RIGHT 


TEST NOS 
10L07 FULL LOAD 
AIR 
ASH COVERAGE DIAGRAM 


IS IsorHermMat Detta T Asu-Coverace DiaGram Test 
No. 5 


& 8 & 


ELEyATION 


TEST WO.'S 
982 TFULL LOAD 
ACESS AIR 
ISOTHERMAL GT DAGRAM 


TEST NO.IS 
LOAD 
42.9% OXCESS 
ASH COVERAGE DIAGRAM 


Fie. 20) Isornermar Deuta T anp Asa-Covenace DiaGeam Test 
No. 15 


having ash coverage of 90 per cent or more. 
sass found that the S-A thickness was closely related to the per- 
“centages of the tube surface covered. The ash on the face of the 
tube does not materially affect the heat absorption of the rela- 
tively clean back side of the tubes by direct radiation from the 
furnace gas and reradiation from the refractory. Therefore the 


During the tests it 
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estimates of S-A coverage on walls having wide tube spacing 
were made on a basis of percentage of projected tube surface 
covered, Fig. 21. 


ANALYSES OF IsOTHERMAL AND Diagrams 


A general study and comparison of all the isothermal Delta T 
diagrams indicates a common wall-temperature pattern at all 
loads and excess-air conditions even though the pattern as a 
whole may shift up or down. A point of similarity is the droop- 
ing of the isothermal lines at the wall joints. 

The isothermals indicate that the furnace side walls, in gen- 
eral, have a higher Delta T value at the lower levels than either 
the front or rear walls. This effect is attributed to the action 
of the front and rear overtire-air turbulence jets which roll the 


flame away from their respective walls. An examination of a 
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Delta-T isothermal chart will show that, at the upper elevations, 
a given isothermal! will run at a higher wall level on the rear and 
front walls than it will on the side walls. This is more pronounced 
at the low loads than at the high loads. 

The deviations from the general pattern of low elevation Delta 
T values result from active fuel-bed placement on the grate; Le., 
a heavy firé at the rear raises the rear wall low level Delta T 
or a well burned-out ash bed depresses the front wall low level 
Delta T. 

The slag-ash patterns reflect the normal variations in slag and 
ash deposits. The walls were not cleaned prior to or during the 
tests, 

‘Test Nos. 8, 12, 
50 per cent full load but grouped at nominal excess airs of 25, 


13, 6, and % were all run at approximately 


10, and 60 per cent. 

Test No. 8, Fig. 6, indicates smooth isothermals with no un- 
balanced, localized high or low-temperature areas. The right 
wall at the lower elevations is slightly hotter than the left wall, 
but the ash-coverage diagram indicates less coverage here, which 
accounts for the higher temperature. Good fuel distribution 
across the grate width is indicated by the even isothermals along 
the rear wall. The ash-coverage diagram indicates that the 
heaviest slagging occurs at the lower levels, at the high-teimpera- 
ture zones, 

Test Nos. 12 and 13, Figs. 7 and 8, respectively, are at 40 per 
cent excess air, The isothermals indicate a heavier flame along 
the front wall of the furnace which was borne out by observation 
and shows up by extension of ash deposits up along the front sec- 
tion of the side walls, 

‘Test: Nos. 6 and 9, Figs. 9 and 10, respectively, are at 60 per 
cent excess air, The walls are more heavily slagged, which gen- 
erally lowers the wall Delta T. Except for the areas which have 
localized accumulations, the temperature pattern remains un- 
changed, 

Test Nos, 2,3, 14, 1, 7, and 10 were all run at approximately 
75 per cent full load but grouped at nominal excess airs of 25, 
40, and 60 per cent. 

Test Nos. 2 and 3, Figs. IL and 12, respectively, are at 25 per 
cent excess air, The increase in load has raised the temperature 
levels at all points, although wall ash coverage is moderately 
heavy. The effect of flame has become more apparent as it 
reaches higher in the furnace. 

Test Nos. 14, 1, 7, and 10, Figs. 13, 14, 15, and 16, respec- 
tively, continue the same over-all isothermal pattern except where 
affected by localized wall ash coverage. 

Test Nos. 4, 5, 11, and 15 were all run at approximately 100 
per cent full load but grouped at nominal excess air of 25 and 40 
per cent. 

Test Nos. 4 and 5, Figs. 17 and 18, respectively, are at 25 per 
cent excess air. The isothermal patterns are similar to those of 
the previous tests, but the Delta T level has risen as the flame 
reached the slag sereen. Fig. 18 indicates a relatively heavy 
fire at the left rear corner of the grate. 

Test Nos. 11 and 15, Figs. 19 and 20, respectively, are at 40 
per cent excess air, There are no deviations from the normal iso- 
thermal pattern, 

Influence of Ruting on Level Average Delta T, The iniluence of 
rating on heat absorption at the various test elevations is shown 
in Fig. 22. This effeet is much more pronounced at the higher 
elevations than at the grate. At the 2-ft level the difference be- 
tween Delta T for half and full load is approximately 25 F or 
27.8 per cent of the full-load Delta T while the difference of 20 F 
at the 22-ft level is 55 per cent of the full-load average Delta T. 

Influence of Excess Air on Level Average Delta T, The influence 
of excess air for combustion on level average Delta T for the three 


test ratings is shown in Figs. 23, 24, and 25. Here again, the 
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influence on average Delta T was the most pronounced in the top 
of the furnace but with little influence near the grate. This 
pattern is most pronounced at the full load rating. 

Influence of Overfire Atr on Level Average Delta T, The in- 
fluence of overfire air on heat absorption is negligible as shown 
in Fig. 23. In test Nos. 4 and 5 the small difference obtained in 
level averages is more the result of the slight difference in excess 
air and load than the result of doubling the overfire air. In 
the over-all test pattern the correction for such variables as S-A 
factors removes any trace of the influence of overfire air. 


= 


ConcLusIONs 

Analyses of the isothermal diagrams and resu!ts shown in the 
various graphs reveal that a pattern of heat absorption has been 
established for the furnace envelope. The accuracy of tube- 
surface temperature determinations is always subject to question 
owing to localized ash deposits, irregularities in thermocouple 
application, and other less tangible factors. However, the syvs- 
tem is sufficiently accurate to produce reliable data on the factors 
affecting relative heat absorption of the various furnace walls 

The basie factors influencing over-all heat absorption of the 
furnace tested are rating, excess air for combustion, and slag- 
ash coverage. Overfire air and flame shape are of secondary 
importance, 

The rating is the most important factor in over-all heat ab- 
sorption but elevations of the various surfaces above the grate 
have the greatest influence on relative heat absorption of the 
walls, The rating has less effect on heat absorption near the 
grate than at the top of the furnace. 

At all loads heat absorption in the walls decreases rapidly as 
the distance from the grate increases, 

Exeess air for combustion affects average heat absorption at 
all loads but has little effect on heat absorption near th» grate. 

The slag-ash pattern is more stable and of less influence in 
spreader-stoker firing than in the pulverized-coal-fired test units 

Overfire air, when used within the limits of these tests, has neg- 
ligible effeet on furnace heat absorption, 

The secondary data accumulated for these tests are extensive 
and of great value. Many of these data were required to estab- 
lish the available heat in the furnace. Exeept where needed to 
show the influence on furnace heat absorption, the secondary data 
and analyses of these data have not been included, 
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OF Coa Stze on FurNAcE Hear Apsorrrion 

A second series ef tests, Nos. 16 through 24, were run to de- 
termine the effeet that a smaller coal sizing (nominal */¢ in. x 
28 mesh) would have on the furnace performance, Comparison 
of Figs. 4 and 26 shows that the stack dust loading increased but 


remained well below the proposed ASME standard value. 7 
though the diagrams are not shown here, the isothermal and 


slag-ash characteristics follow the same general trends as de- 
scribed earlier for the 1'/:-in. & 28-mesh coal. Figs. 27, 28, 29, 
and 30 show the level average Delta T, and their comparison with 
Q 40 6 BD 100. Seen eene Figs. 22, 23, 24, and 25 shows that the smaller coal size has had 
|AVG..4T the greatest effect at the lower levels and little, if any, effect at 
the upper levels 

Fig. 24 Exerss Arr Verses Leven Averace Deura 75 Per Comparison of furnace-heat-absorption efficiencies shown 

Cent Rating Tables 1 and 2 indicates that no noticable over-all change has 
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TABLE 2 SUMMARY DATA AND RESULTS SHEET; EFFECTS OF COAL SIZE 
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FURNACE RELEASE~-—-KBTU/CU. PT. /HR 14.0 15.6 23.0 23.8 . 31.7 
WRAT KBTU/HR 105,300 113,000 106,000 151,700 159,000 154,800 202,400 209,200 207,500 


47,600 $0,000 43,500 70,100 72,000 66,300 76,500 75,000 78,600 


2 42.2 37.7 35.9 38.0 


36.9 2.5 
"FURNACE AVERAGE SLAG-ASH PACTOR ‘ a 82 
FURNACE HEAT ABSORPTION (CORKZCTED)E 46.0 


AV®RAG® DELTA T 


= 


ATE. SURFACE 


ELEVATION 
ans 


+ 


ABOVE. GR 
is 
SEVATION, ABOVE. GRATE SURFACE: 


D BD x 


27) Raving Versus Lever Average . 2 ©xcess Arr Versus Lever AVERAGE 
Cent RATING 


Nia 
LEVEL | AVG. jean 


ooo 


VATION. ABOVE GRATE. 


ELEVATION: ABOVE GRATE! 
be 


Fira, 29) Excess Arr Versus Lever Average Devta T—75 Per Fie. 39 Excess Arr Versus Lever Averace Detta T—50 Per 
Cent RatiInG Cent RATING 


4 
DATE 1951 Oct Oct Sere Sept Sept Sept Oct Oct Oct a 
t=; 3 1 26 27 28 27 2 1 2 
= DURATION OF TEST Ll. HRS 2.00 2.00 2.50 2.00 2.00 2.00 2.00 2.00 2.00 = 7 
€ 
45 
ri 
8.9 %.9 85.1 125.3 125.6 122.9 162.8 163.2 160.0 = 
si 93.1 89.0 60.6 119.9 125.3 120.4 261.2 160.7 160.2 i 
i 
om 
=> 
32.8 33.9 30. ) $2.0 47.3 51.8 50.8 53.3 
A ‘Ae a ++ +—+-+ %Gexc + +—+ 
+ + + ++ ++ 
tt 
| \\ +4 TTT + + + +-4+4-4 
+> 


FEELEY, MILLER—FURNACE-PERFORMANCE FACTORS 937 


TABLE 3 COMPARATIVE TEST DATA OF DUPLICATE TESTS 


LONG FURNACE FLAME NORMAL FURNACE FLAME 

Test Load Excess Purnace ion Purnace Exit Test Load Excess Furnace Comb Purnace Exit 
No. x Air Effici- .C. Flame Temp. No. x Air Effici- st D.C, Flame Temp. 

1000 ency Pase oF 1000 ency Pase oF 
27.4 54.8 23.2 22.1 1657 12 02.6 45.1 56.4 6.5 16.8 1592 
2 114.2 16.8 49.3 56.6 28,0 1783 3 120.9 29.2 53.6 29.3 13.3 1797 \ 
1 126.5 37.9 42.2 36.4 13.5 1695 wm 123.4 41.5 $2.0 25.0 13.0 1754 
5 166.8 22.8 59.2 4.9 18.3 191s & 162.2 27.5 52.0 34.5 13.2 1928 


CORRELATION OF Devra T anp MHVT Mernops or Derer- in the fly ash. Comparison of values given in Table 3 in- 
MINING FURNACE Hear ABSORPTION dieates that, except for test No. 8, the three test Nos, 2, 1, and 5— 

The corrected Delta T method furnace-heat-absorption  effi- show a lower furnace exit-gas temperature than their comparative 
cclencies have been plotted against the corresponding values ob- 


tained by the MHVT method and are shown in Fig. 31. z +4 ale tt] 
There is agreement among most of the points, but four tests, ert T rot ee: 
namely, Nos. 8, 2, 1, and 5 show excessive discrepancy; at the $f Cnr 7 
same time, their duplicate tests, Nos, 12,3, 14, and 4 (test No. 12 24 tte | 
is used as a duplicate of No. 8 since it is the closest to the same russ T rl I 
load conditions) fall very close to the equality curve. 
With all other influencing factors held constant, the disagree- jae 
of furnace efficiencies of duplicate tests might be attributed 
to furnace-flame shape. Figs. 32 (a) shows the usual furnace- +++ 
flame profile prevalent throughout the test series, a flame that gc | | [NUMBERS DESIGNATE | 
nearly fills the furnace envelope from front to back and is com- £345--+++o¢ TIT fs 7 t 
pletely burned out before reaching the slag screen. Test Nos SA 
12, 3, 14, and 4 had this type of flame shape. Fig. 32 (4) shows 3 ny, TT ion cI | jaeeen 
a furnace-flame profile that occurred on test Nos. 8, 2, 1, and 5; 
here the flame extends through the slag sereen and partially into AT METHOD -FURNACE HEAT ABSORPTION 


the superheater. Owing to the incomplete combustion of the 


gases before entering the slag sereen, there should result a lower hic. 31) Comparison or Furnace Hear Apsoretion py Devra 
i. 


furnace exit-gas temperature and a higher combustible content T Meraop Wirn Merion 


TABLE 4 PROPERTIES OF COAL AND ASH; NOMINAL COAL SIZE #4 1N. x 28 MESH 


‘TEST NUMBER 16 17 18 19 a a 22 23 2h 
DATS 9-26 9-27 3-27 9-28 10=1 11 10-2 10-2 10-3 
COAL, FHOXEMATZ ANALYSIS, AS FIRED 

MOISTURE 8.5 9.3 9.0 10.9 1.7 2.6 9.0 8.4 
VOLATILE MATTIR 37.5 37.6 36.4 36.9 37 47.7 38.1 
FIXDD CARBON 46.9 46.2 46.1 L5.6 47,0 44.7 45.9 46.1 
ASH 7.0 7.3 7.3 7.1 Tol Tob 
COAL, ULTIMATZ ANALYSIS, FIRCENT AS FIRED 
5.6 5.8 5.6 5.7 5.6 5.9 5.6 5.6 
CARBON 66.5 66.2 66.1 65.1 65.7 64.6 43.9 64.2 66,8 
NITROGEN 1.3 1.4 1.5 1.4 1.4 1.5 1.4 1.5 1.5 
16.7 164.6 16.5 14.8 19.0 16.3 15.6 
SULFUR 2.7 3.0 3.0 3.1 3.2 2.9 Bs 3.0 1 
HIGH HEATING VALUE, PTU PIR LB. AS FIR@D 11,970 11,940 11,290 11,690 11,760 11,960 11,420 11,990 12,030 
CONS FUSIBILITY OF ASH F (ASTM) 
I.D.T. 2,000 1,980 1,920 2,000 1,930 1,930 1,910 1,900 1,900 
S.T. 2,030 2,030 2,030 2, 030 2,050 2,050 2,030 2,030 2,050 
F.T. 2,350 2,210 2,310 2,360 2,360 2,330 2,340 2,330 2,360 
SCREEN ANALYSIS OF COAL, CUMULATIVE FER 
ON SCREEN SIZE, INCHTS 
1d 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.08 
I 5/16 0.00 0.00 0.00 0,00 0.39 0.36 ©,00 1.27 0.59 
1 0.13 0.03 0.04 0.04 5.18 3.17 0.16 14.07 9.10 
0.13 ou 0.26 0.26 3.92 4.22 0.33 29.06 20.48 
1/2 13.20 12.51 10.99 26.21 16.77 51.63 61.43 
3/8 38,01 37.99 De 30.42 40.97 37.7 27.99 42.63 
1/4 (49.15 69.73 65.17 61.55 62.21 65.31 58.92 16.85 81.17 
3/16 59.97 77.05 72262 69.91 67.89 72.25 66.83 bole 95.22 
1/a 76.68 88.27 25,07 2,425 78,28 °3.57 20,51 96,83 93.08 
0.055 87.93 36 93.09 93.67 28,36 91.08 3.23 N.97 99.20 
DUST COLLECTOR CINDERS 
COMBUSTIEL®, PIRCIIT 12.5 10.5 23.0 16.0 14.5 15.2 19.3 23.0 28.2 
ASH, FIRC2NT 27.5 77.0 24.0 5S. 24.8 20.7 77.0 1.8 


ASH FIT R2FUSS 
COMBUSTIBLE, 
ASH, 


| 
S403 75.2 28.0 92.0 98.6 98,8 97.6 99.1 92.0 
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test Nos. 3, 14, and 4, respectively. Without exception, the 
fly-ash combustible content is higher for test Nos. 8, 2, 1, and 
Nos, 12, 3, 14, and 4, 
ences in furnace exit-gas temperature and fly-ash combustible 


5 than for test Jlowever, these differ- 


content are not large enough to compensate fully for the 
difference in furnace efficiencies between the two groups of 
tests, 

In determining the cause of unequal flame lengths under iden- 
tical load conditions, comparison of fuel compositions and boiler 
operating conditions shows that of all the influencing factors 
excess air is the only inconsistent item between duplicate tests. 
The lower excess air would tend to increase flame length. 

In the foregoing discussion, test Nos. 5 and 4 have been con- 
sidered in the same category as the other three sets of tests, 
Actually, it is evident from Fig. 31 that by the Delta T method, 
test No. 5 results in a higher furnace heat-absorption efficiency 
than by the MHVT method, whereas the other three sets of tests 
show the Delta T method results in «a lower efficiency than the 
MHUVT method 
with hot auxiliary air (320 F) so its comparison with test No. 4 is 


Test No. 5 was the only test of the series run 


not entirely correct except to show the exceptions to the general 
trend, 

In view of all this, the excessive disagreement in furnace effi- 
Nos. 8, 2, 1, and 5 as obtained by the Delta T 
method and the MHVT method may be attributed to one of the 
following causes: The unusually long furnace flame is introducing 


erences for test 


a source of error in one of the testing methods; or the disagree- 
ment is due to the already known sources of error inherent in the 
that the unusually 
efficiency happened 


testing methods, it being a coincidence 
long 


together. 


flame shape and disagreement in 


Discussion 


LeRoy F. Devine.’ The authors’ are to be commended for 
the work they have done by measuring the heat absorption in a 
spreader-stoker-fired steam generator service. Under the 
circumstances the most significant factor, load, was responsive to 
plant requirements and only approximated the desired test. con- 
ditions, Yet it is not apparent that this condition has impaired 
the value of the results of the tests. 

The authors indicate that the objectives of the tests were to 
check the variables, rating, excess air, overfire air, and fuel size. 
The accuracy of the authors in the check of these variables is in 
keeping with that of the reeorded data. 


tained should aid in more exhaustively investigating the effect of 


The information ob- 


changing, not only the variables mentioned in a furnace of a given 
design but also the comparative performance in furnaces of dif- 
ferent designs under similar conditions of the foregoing variables. 
The authors’ conclusions are not questioned except as to the rela- 
tive significance of the factors studied. 

The shore establishments of the Navy Department operate 
several thousand boilers under the technical cognizance of the 
Many are quite small; the largest 
Most have had 10 vears of service. 


Bureau of Yards and Docks. 
is rated at 200,000 Ib per hr. 
Some are very old. Only a few are equipped with spreader-type 
stokers, 
located, the present and prospective costs of auxiliary power, 


However, in the areas where Navy-owned plants are 


maintenance, and fuel, and the trends in the size and composi- 

* Head, Power Generating Section, Department of the Navy, 
Bureau of Yards and Docks, Washington, D.C. 

Furnace Heat Absorption in a Spreader-Stoker-Fired Steam 
Generator Part 2 Variation in Furnace Heat Absorption as Shown 
by Measurement of Temperature of Exposed Side of Furnace Tubes,” 
by F. G. Feeley, Jr., and EB. C. Miller, published in this issue of the 
Transaction, pp. 925 940, 
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tion of coal, indicate that the spreader stoker is the most economi- 
eal firing equipment available today, for new installations of 
boilers of approximately 20,000 Ib per hr capacity and larger, 
using solid fuel. 
stoker are being carefully studied, and developments will be 
followed carefully by the Navy. On behalf of an 
user and a prospective purchaser with spreader-type stokers 


The merits and deficiencies of the spreader 
interested 


now on order, the following observations are offered for considera- 
tion as they relate to the future: 

The authors state that adjustments of cinder return and over- 
fire air influence flame shape but conclude that, of the basic 
factors affecting heat absorption, overfire air and flame shape are 
of secondary importance. The amount of research now under 
way relative to the effect of different patterns of turbulence on the 
flame shape and on the length of flame travel indicates this con- 
clusion is not shared universally. 

Factors affecting combustion such as the use of furnace gases 
for cinder reinjection and turbulence, the use of more heat-re- 
covery equipment and higher-temperature air through the grates, 
the length and shape of the trajectory, and the trend in size of the 
coal all have a relationship to the relative heat absorption in the 
furnace. The paper indicates that the use of coal of smaller size 
reduces the comparative percentage of total heat absorption that 
Further tests ure necessary to 
In the 
aurea along the east coast, where the greater percentage of United 


takes place close to the grate line. 
determine how far this characteristic may be exploited. 


States coal is consumed, the most economical stoker coal today is 
single-screened bituminous size 1'/,in. & O and in the near future 
it is anticipated the most economical size will be 4, in. * 0. In 
each case the fines constitute approximately 50 per cent of the 
total. 

The high percentage of total furnace heat absorption that 
takes place in the lower part of the furnace probably constitutes a 
The 


heat absorption near the roof of the furnace obviously is an eco- 


potential limitation on maximum rating. relatively low 


nomic burden. It is true this observation seeks to relate the fur- 
nace-performance factors to economic considerations. Combus- 
tion is the primary purpose of the furnace but economic consid- 
erations have dictated that some heat-exchange surface must be 
provided therein. The geometry of the furnace envelope of the 
future, as in the past, will refleet an evaluation of performance 
and economic considerations in which the relative importance of 
each performance factor will be weighed against the economic 
burden it entails. Is the mechanical spreader stoker adaptable 
to the changes in fuel trajectory and fuel size to give optimum 
performance? What are the pertinent characteristics of the 
pheumatic spreader? 
absorption is lower in the corners than in the more exposed side 
This condition gives substance to the 
The develop- 


The droop of the isotherms indicates heat 


walls of the furnace. 
question: Why does the furnace have corners? 
ment of some means to prevent the unproductive recirculation of 
cinders, the return of fly ash to the grates and its discharge to the 
ash pit thus eliminating the fly-ash disposal problem are objec- 
tives which when solved will contribute to a better answer for the 
user’s wants. 

A review of current literature reveals a wide diversity of opinion 
regarding efficiency flexibilicy and performance of spreader stok- 
ers. The manufacturers’ interest will be better served by a more 
widespread distribution of engineering reports on performance, 
such as the authors have compiled. 

The concluding sentence of a paper presented previously by one 
of the authors is worthy of repetition: “Deviation from accepted 
practices seems desirable for there will be little progress if 
we assume that the popular path is the only or best way to our 


goal.” 


|| 
the 
4 
> 


FEELEY, MILLER 


R. B. ann W. C. 
result of careful and devoted work. The following request for 
more data and information should not detract from the fact that 
they make a valuable contribution to the subject. 


These papers®'? are a 


The use of jets should be described in more detail. The men- 
tion that so many jets were located in a certain way without speci- 
fication of the size, angle, or pressure, leaves out too many im- 
portant variables. The omission recalls the old practice of con- 
necting a low-pressure blower to a few large openings in a furnace 
Knowing the authors as we do, we 


For the record, 


wall and calling them jets. 
are sure that was not the case in this instance. 
the jet details should be specified. 

An indication in Table 1 of Part 2 would be helpful for showing 
on which tests dust-loading measurements were made. The use 
of some caleulated and some measured values of dust loading 
may help account for the variations in stack-dust loading of over 
Such 
variation seems too wide to be accepted without more supporting 
data. 

It. is unfortunate that it was not possible to determine stack 


5 to 1 with only moderate variations in burning rate. 


emission for each test. Although the results shown in Fig. 4 of 
Part 2 fit a smooth curve nicely, there are not enough data to per- 
mit extrapolation. It is quite interesting to note that the curve 
in Fig. 4 for the dust loading at 14.5 per cent CO. is in good agree- 
ment with the results of previous tests at Racine, Wis., as re- 
ported by Morrow, Holton, and Wagner in 1951.) The eompari- 


son is shown in Table 6 herewith, 


TABLE 6 COMPARISON OF DUST LOADINGS BETWEEN 
WHITING AND RACINE TESTS 


Stack-dust loading, gr 
per cu ft, std conditions 
Racine Whiting 
0 OSS 
Oo ov. 


Racine Burning rate, CO» 
test K Btu per per 
no. (sq ft) (hr) cent 

3 595 14 
4 614 
6 14 


0. OST 
4 


0 064 
0 O80 

Test Nos. 3 and 4 in Table 6 were run using « washed 2-in. * 
0-in. coal from the Island Creek seam, and test No.6 was run with 
washed sereenings from the [linois No. 6 seam. The agreement 
noted in the dust loadings is exceptionally good. 

The fine performance of this modern unit is typical, and in- 
dicates that the spreader has come a long way. One defect 
which is still typical is the decided stratification of gases through- 
out the furnace. The spreader stoker will be even better when 
we have developed practical means to eliminate that considerable 
stratification 


Myers, R. C. Corey, F.G. Peevey, anp 
C. Miniter 


JomntT Closure by J. W 


The authors wish to thank the disecussers for their contribu- 
tions to the paper. 

Mr. Deming’s considerable attention to this paper is gratifying 
and the comments are particularly interesting. The comments 
concerning overfire air require some clarification. The authors 
did not intend to minimize the importance of this factor; on the 
contrary, considerable attention was given to the design and 
operation of this necessary adjunct of spreader stoker firing. 
The furnace turbulence was always maintained at sufficiently 
high level to assure smokeless operation and no doubt this atten- 


tion to furnace turbulence influenced the low-stack dust leading. 

1° Supervisor, Battelle Memorial Institute, Columbus, Ohio 
Mem. ASME. 

1! Assistant Supervisor, Fuels Research Division, Battelle Memo- 
rial Institute. Jun. ASME 

"Furnace Heat Absorption in a Spreader-Stoker-bired Steam 
Generator. Part 1 Furnace Heat-Absorption Efficiency as Shown 
by Enthalpy of Gases Leaving the Furnace,” by J. W. Myers and R 
C. Corey, published in this issue of the Transactions, pp. 909 925. 
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The adaptability of the mechanical spreader stoker to changes — 
in fuel consist is well established. This mechanical stoker han-- 
dles easily fuel sizes of greater range than those commonly sc- 
cepted for good spreader firing. However, the authors are not 
familiar with pneumatic spreader stokers except for bulky fuels — 
such as bagasse and wood. 

The droop of the isotherms in the furnace corners is to be ex- 
pected because of the relative position of this surface with re- 
spect to the flame center, but corners will probably remain in fur- 
naces because of construction problems. 

The fact that the test unit does reinject all the dust collected 


and at the same time has a low dust emission from the stack indi- f: 


cates that Mr. Deming's desire for fly-ash disposal by reinjection 
into the furnace has been met in this case. 

The comments by Mr. Deming relative to the large number of — 
factors that influence the heat absorption of spreader-stoker- 
fired furnaces is in agreement with the conclusions of the authors 


the authors were unable to do this in the limited seope of this 
investigation. 

Mr. Deming states that results of other investigations do not 
confirm the conclusions in this paper that overfire air and flame 
shape are of secondary importance to other factors affecting fur- 


nace performance. It was not the intention of the authors to 
imply that this is true in all cases, but that the conclusions applied 
only to this particular furnace and within the limited range of — 
variables studied. 

The comments by Messrs. Engdahl and Holton are greatly — 
The previous works by them on allied subjects — 
Their 


question on overfire air can be only briefly covered due to the- 


appreciated, 
were of great help to the test erew and to the authors. 


limited scope of this paper. 

The location of the reinjection and overfire systems listed un- 
eighteen reinjection nozzles enter the furnace through the rear. 


der Description of Equipment are shown in Fig. | of Part 2. 
wall approximately IS in. above the grate. These nozzles re-— 
ceived air from the overfire air system and the air was controlled 
The fifteen 
rear-wall overfire air nozzles, shown above the reinjection nozzles, 


at 12 i.w.g. for half load and 25 iwi. at full load, 


were the principal source of furnace turbulence and operated with 
air pressure controlled between 12 iw.g. at half load and 25 i.w.g. 
at full load, 
full load only with 2i.w.g. The * 
the feeder opening operated at 23 i.w.g. 


The top front overfire air nozzles were used at 
in. nozzles located beneath 


With further reference to the comments of Messrs. Engdahl 


and Holton, Table 7 of this closure shows additional data on the 


dust loading. The burning rate, mass-flow rate of wet flue gas 


and dust coneentrations are included. As shown in this table, 


dust-concentration measurements were made for only five of the — 
tests: the values for all the other tests were obtained by extra-_ 


TABLE 7 DUST-LOADING DATA FOR WHITING TESTS 


Burning 

rate, Wet 
Steam rate, K Btu per flue gas 
Mibperbr (hri(sq ft) M lb per br Measured extrapolated 

120 

0 050 

523 7 0 O84 


Dust concentration 
grains per cu ft" 


@ Volume measured at stack conditions of temperature and pressure 


He also agrees that further tests are necessary to evaluate more 
accurately the effects of some of these variables. Unfortunately, 


d 


= 
Test 
no 
1 
3 
4 
5 
6 
7 125 145 
SS 380 0 056 
al we O16 
123 54s 147 
161 70S 0 217 
12 357 0.090 
13 Sa B62 0 086 
15 75 0.230 
j 
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polation of curves similar to those in Fig. 4 of Part 2. Admit- 
tedly, there is a very wide range in the dust-concentration values 
The maximum value, for test No. 
15, is nearly five times as great as the minimum value for test 
No. 2. 
to 1, in the measured values for a smaller variation in operating 
conditions. The measured value for test No. 3 may have been 
low, since it was the result of a single determination and was not 
From Fig. 4 of Part 2 values as high as 0.11 appear 
plausible for the dust concentration in test No.3. However, con- 
ceding this higher value to be more accurate, the range in the 
extrapolated values is stillnearly 


obtained by extrapolation. 


However, there is also a wide range, approximately 2.3 


confirmed, 
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Although the table shows that both the measured and extrapo- 
lated dust-concentration values vary more than the burning rate, 
percentagewise, this does not seem to be sufficient evidence that 
the values are in error. It is conceivable that, at the higher 
mass-flow rates of flue gas, the carryover of dust may increase 
at a much greater rate than does the velocity of the air through 
the grates. It will be noted that the higher concentration oc- 
curre | at high mass-flow rates, 

For the purpose of the material-balance calculations in this 
paper, errors in the dust loading were insignificant. However, 
it would probably be wise to point out the serious limitations on 


accuracy introduced by the process of extrapolation, 
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The Venturi as a Meter for Gas-Solids 


Mixtures 


By LEONARD FARBAR,' BERKELEY, CALIF. 


This investigation was undertaken to determine the — powdered slumina-silica catalyst (an aggregate mixture of wide — 


behavior of a Venturi tube when metering the solids phase — size range) when flowing in combination with a gas through a— 


in a gas-solids mixture for the condition of constant 
gravimetric gas-flow rate. The Venturi tubes were used in 
both a horizontal and vertical section of 17-mm-ID glass 
conduit and had throat diameters of 0.500 in. and 0.575 
in., respectively. The gas-solids mixtures consisted of air 
and alumina-silica catalyst (an aggregate mixture con- 
taining a size range varying from 10 to 220 microns) with 
solids loadings as high as 10 Ib of solids per Ib of air. 
Results on four different gas-flow rates indicated a linear 
relationship bet ween the Venturi pressure differential and 
the solids-flow rate over the range of loadings attainable 
with the experimental equipment. The linear relation- 
ship was observed for each Venturi size in both the hori- 
vertical location; the slope of these lines 


zontal and 


increased with increased air-flow rate and decreasing 


Venturi throat diameter. Pressure recovery in the dif- 


fuser section of the Venturi was observed and found to 


vary in nonlinear fashion with the solids rate. It appears 


Venturi tube; the gas gravimetric flow rate held constant and 


the solids flow varied over a relatively wide range 


EXPERIMENTAL APPARATUS AND EXPERIMENTAL re 


The experimental system is shown diagrammatically in Fig. 1 
The system consists of a flanged-connected Pyrex glass conduit 
17 mm TD; solids feed tank and platform-seale weighing system: 
a multiple-effect eyelone separator forming a closed recirculating 
The 


handled on a once-through basis, the power 


system for the handling of solids 
being supplied by an 
industrial-type vacuum cleaner on the eyelone-separator outlet 
The gaseous phase (air) was metered at inlet to the svstem by a 


ISA 
details is shown in Fig. 2, while the details of 


ealibrated nozzle. The general arrangement of system 
the solids feed 
tank and weighing system are shown in Fig. 3 

The dimensional details of the two series of Venturi tubes used 
in this investigation are shown in Fig. 4. The tube flanges were 


made to mateh the system flanges, which were manufactured 


gaseous phiise was 


a 


that the Venturi may be used with satisfactory results om with a pressure connection to each flange fuce As may be 
the metering of a solids phase in a gas-solids mixture iad in Fig. 1, the Venturi tube could be placed either in 
when the gravimetric gas-flow rate is held constant. In the horizontal or vertical position with sufficient approach 


handling solids by 
pneumatic conveyance, the Venturi may serve as a useful 
tool in indicating any instantaneous changes in the solids- 
flow rate as well as the gas-flow rate. 


plants and pilot plants powdered 


INTRODUCTION 


FU VMil use of the Venturi tube for metering true or Newtonian 


lids has been investigated thoroughly and = standards 


have been adopted which allow a high degree of accuracy 


length. 


Calibrated draft gages and U-tube manometers having a least 


count of 0.01 in. and O.1 in. of manometer fluid, respectively, 
were used to measure pressures and pressure differentials 

The powdered alumina-silica catalyst (specific gravity of 2.45) 
used as the solids phase had an average bulk density of 36. pef 
when oven-dried to 350 F, and an average size distribution as 
shown in Table 1, 


TABLE PARTICLE-SIZE DISTRIBUTION BY SCREENING 
as shown by Jorissen (1)? in his excellent review on the Venturi 

tube. The use of the Venturi tube to meter a multiphase mix- Tyler Opening, per cent per cent 
ture appears to have received little, if any, attention in’ the — panes 

literature. The handling of solid material in powdered form 100 147 4 . 85 10 
has become increasingly important In many of the chemical and ? 
process industries, where the trend toward synthesis by catalysis 
in relatively large-capacity plants makes the metering of a Fines Below 44 34 


gas-solids mixture a rather important variable in plant opera- 
tion. 

Those industries burning powdered combustibles would find 
that a solids meter would serve as a useful tool in plant-perform- 
ance control, inasmuch as instantaneous changes in plant opera- 
tion could be observed readily. 


The purpose of this paper is to present the results on metering 
Professor of Mechanical Engineering, University of 
California. Mem. ASME. 


2 Numbers in parentheses refer to the Bibliography at the end of 


Associate 


the paper. 

Contributed by the Research Committee on Fluid Meters and 
presented at the Annual Meeting, New York, N. Y., November 30 
December 5, 1952, of Tue American SoctetTy of Mecnantcat 
ENGINEERS 

Nore: Statements and opinions advanced in papers are to be 
understood @@ individual expressions of their authors and not those 
of the Manuscript reeenved at ASME Headquarters 
August ZS. 1952. Paper No. 52 


These values are the average of a number of sereenings made 


various conditions and over Tap shaking 


the 


were 


under varving 


periods In view of relatively large percentage of tines, 


size determinations made using an elutriation method 
Photomicrographs (250 magnification) of the various fractions 
obtained by elutriation are shown in Fig. 7; the resultiag dis 
tribution curve obtained by elutriation is shown in kip. 5. It 
is of interest to note that the particles shown in Big. 7 appear 
to have the same general shape regardless of the size range into 
which they fall. The results shown in Fig. 5 


that approximately 11.0 weight per cent of the material are 


may indicate 


particles smaller than 12 microns in size. 


Sereen analysis and elutriation analyses at various times 


on the material being recirculated continuously indicated a small 
reduction in the reentage of very large particles with thy 
bulk of the weight shifting to the region of 40 to SO-miiecron pear- 
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VENTURI SERIES 
( ™-RATIO= 0.658 ) 


Fig. 4 Meter 


ticles. These attritional effects appeared to have a negligible 
effect on the reproducibility of results for the system. 

The Venturi tubes were calibrated in terms of the inlet-air 
metering nozzle prior to any tests made with solids and immedi- 
ately after a series of mixture runs. The experimental procedure 
used was as follows: 

(a) The powdered solids were prepared by fluidizing thor- 
oughly the material in the solids feed tank. 

(6) The Venturi-tube calibration checked with air flow alone. 

(c) The solids slide valve adjusted to yield a uniform solids- 
flow rate as the air gravimetric flow rate was held constant at 
some predetermined value. 

(d) The initial and incremental weight decrease of the solids 
feed tank were recorded and plotted against elapsed time, Fig 
6, as soon as the solids-flow rate appeared stable. 

(e) Pressure and pressure differentials were observed and 
recorded at intervals for the duration of the run. 

(f) Upon completion of any run the solids-feed slide valve 
was closed and the flow system cleared of solids; the vacuum 
unit was shut off; the solids in the cyclone separator were re- 
turned to the feed tank; the weight of the feed tank observed 
and compared to the initial weight of the tank prior to feeding 
any solids into the system, thus vielding a check on any losses 
that may have occurred, 

(gq) The air rate was re-established: a different solids rate set, 
and the procedure as outlined in items (¢) to (f) was followed for 
a group of fixed air rates over the range of solids-flow rates per- 
mitted by the system power 

For the range up to 3.0 in., pressures and pressure differentials 
were read to 0.01 in. of water; bevond the range of 3.0 in., the 
least count on the manometers was 0.1 in. of manometer fluid. 
Time and platform-scale weight was observed to within 0.2 see 
and 15 grams, respectively. 

The flow behavior of the system has been described previ- 
ously (2); no difficulties were encountered with plugging pressure 


taps or system instability. The use of the serrated flow fitting 
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in the solids mixing tee, shown in Fig. 1, aided materially in the 
control of the system stability as evidenced by Fig. 6 which 
indicates the ease with which the solids flowed at a constant 
rate, 

The periodic calibrations made on the Venturi tubes served 
to indicate the extent of erosion that might be occurring within 
the tube. Within the limits of experimental accuracy, no effects 
on the meter performance were noted after the initially polished 
surface had been roughened uniformly by the sandblasting 
action of the solids, 


AND Diseusston 
The total-energy equation as applied to the two phases (as- 
sumed incompressible) and the converging section of the Venturi 
for steady-state conditions and uniform distribution may be 
written as follows: 
V 


Z, + 
p, 


P F, 


= substance gravimetric flow rate, Ib per sec— 
= pressure at section, psf 
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Z = section elevation, ft 

p = substance density, pef 

Vo= substance average velocity, Ips 

A = frictional coefficient: (dimensionless) 
1 = cross-sectional area, sq ft 


Subscripts wand refer to Venturi inlet and throat seetions, 
tively 


Sulise ripts fand s refer te 


fluid (gas) and solids phase, respee- 


tively 


6 7 9 
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equation [1] simply expresses the energy relationship that. 


exist in the Venturi tube when the flow conditions are 


assumed to be as follows: 


(a) 


the two sections 


(h) 


The fluid and solids frictional losses being proportional 


Tncompressible and essentially isothermal flow between 


to the square of the average fluid velocity at the Venturi throat P 


(«) 


Some average particle size flowing 


at the same rate. 


is the particles making up the aggregate mixture, 
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equation [1] may be rewritten after combining terms and 


Wp, ‘| 
K K at 


Wp, jt 


2y 
Noting that the fluid density is very small relative to the solids 
density; applying the continuity relationship to the fluid phase 
and letting MW equal the ratio of the Venturi-throat cross-sectional 
area to the inlet cross-sectional area, Equation [la] becomes 
for 


rearranging us 


— P, | 
l 
Py 


= A,and W, = MA,V,, py, 


W,? 
2gA,%p,M? 
W, FE Py 
+ + Z 
Vy? w, ‘ 


For a particular Venturi tube in a given position and for a 
constant fluid gravimetric flow rate Equation [2] indicates a 


(1 + M?*) + p,(Z, 


linear relationship between Venturi differential and the solids 
flow rate W,, with the first term on the right-hand side of the 
equation being the intercept and the multiplier of the solids 
flow rate, W, being the slope. The series of tests made for which 
the experimental results are shown in Fig. 8, appear to sub- 
Equation [2]. The 
experimental results shown in Fig. 8 indicate the intercept to 
be essentially independent of the solids frictional coefficient A, or 
that the wall frictional effects experienced by the solids are 
negligible in comparison to the fluid frictional effects. This 
condition may result from the relatively high fluid velocities 
as was found by Wood and Bailey (3) in their investigation on 
the conveyance of granular material, Therefore it) would 
appear that the assumption of a solids wall frictional loss need 
be made only when the fluid velocities are sufficiently low so 


stantiate the relationship predicted by 


tiat the solid particles strike the wall. 

Inasmuch as the elevation term (Z, — Z,) has essentially a 
constant value for a given Venturi and contributes only to the 
increase in intercept and slope for the vertical placement of the 
Venturi, this term will be negleeted in the interest of simplifying 
the analysis; hence Equation [2] becomes 


(1 + Ky. 


2M 
Ww, | Pu 
2942p, 


For a given Venturi, Equation [3] predicts an intercept change 
us being proportional to the square of the fluid) gravimetric 
AND SLOPE 


TABLE 2) INTERCEPT 


Horizontal 
(Ratio)? Intercept Slope 


Air-rate ratio 
Ratio 


Air rate, Intercept ratio® 
Ib per see vert 
0 OO78 
0. 
0 0156 
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flow rate; within the experimental accuracy this was found to 
be the case for the results shown in Fig. 8. Experimental 
results for constant fluid gravimetric flow rate show a change in 
the intercept that is more than proportional to 1/M* In 
Table 2 the average value of the intercept ratio for the two meters 
is approximately 4.36 or about 40 per cent greater than that 
predicted. This increase may be accounted for by the fluid- 
density changes and discharge-coefficient changes that occurred 
in going from the larger to the smaller-diameter Venturi. Ven- 
turi calibrations yielded slightly higher discharge coefficients 
for the 0.500-in. tube than for the 0.375-in. tube. 

The experimental results shown in Fig. 8 indicate the relation- 
ship between Venturi pressure differential and solids-flow rate 
to be a linear one and as predicted by Equation [2]. The results 
for Venturi V-2 at an intermediate gas rate show some curvature 
at the higher solids-flow rate which may have been caused 
by compressible effects within the Venturi tube. The slopes 
of these lines increase both with increasing gas rate and with 
decreasing Venturi-area ratio. 

The slope as given by Equation [3] may be written as 


Slope is proportional to W, ( rr ) 
‘ fe 


neglecting the term (V,,/V,,)? which will not greatly influence 
the changes in slope, inasmuch as its maximum value will be 
unity for nonaecelerating particles when the Venturi is in the 
horizontal position and less than unity for the meter in the 
vertical position. When the Venturi is in the horizontal position 
and the solid particles have reached their steady-state velocity, 
the slope changes are then directly proportional to the gas-flow 
changes. Under actual conditions the particles are still ac- 
celerating at the Venturi throat; hence the slope change will be 
other than directly proportional to the gas-flow rate. When the 
Venturi tube is placed in the vertical position and the particles 
have reached a steady-state velocity, then the difference between 
the particle and fluid velocity will be the terminal or free-fall 
velocity of the particle in the stream and the changes in slope 
should be slightly more than proportional to the change in gas- 
flow rate. The effect of particles still accelerating at the throat 
would effect the slope change in the same direction. 

The slope is further increased by a decrease in the M-ratio, 
and by Equation [3] this increase is proportional to 1/M?, The 
experimental evidence indieates this change in slope to be con- 
siderably greater than proportional to 1/M* The ratio of 
intercepts and slopes are shown in Table 2 for the various gas- 
flow rates investigated. 

Considering the relatively wide size range of particles which 
made up the aggregate mixture, it is rather remarkable that the 
experimental results so closely substantiated the general pre- 
dictions obtainable from Equation [2]. Although the trends 
shown in Fig. 8 and Table 2 are definitely in accordance with 
the analysis, the author believes neither the experimental data 
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nor the variables contained in Equation [2] are such as to™llow 
the prediction of Venturi-tube characteristics in metering gas- 
solids mixtures without calibration. 

Returning to Equation [la] and assuming the fluid density 
constant and negligible in comparison to the solids density, the 
flow to be frictionless (or a discharge coefficient of unity for 
the true fluid), and the solids velocity equal to the fluid velocity 
there results the following relationship 

mixture = + W, 
which is exactly the same as may be obtained from the relation- 
ship proposed by Carlson, et al. (4), for mixtures flowing in 
nozzles and based on an analysis in which the density change of 


the mixture was proportional to the solids-flow concentration in 
the gas. 

Fig. 9 shows the plot of Equation [4] and its relationship to 
the results obtained in this investigation which indicates that 
the assumption of a density change in proportion to the flowing 


phases results in a predicted mixture differential which is con- 
siderably greater than that actually observed in the Venturi 
tubes. The ratios obtained from the experimental results on 


the Venturi tubes shown in Fig. 9 are quite similar to the results 

obtained by Giisterstadt (5) on the specific pressure drop for 
the pneumatie conveyance of grain, in that the pressure-dif- 
ferential ratio appears to be slightly lower at the higher air rates 
for each tube. Fig. 9 further shows the advantage to be ob- 
tained by having a large throat diameter and horizontal place- 
ment of the Venturi tubes. 

Pressure messurements were taken of the diffuser end of the 
~ Venturi tube, and the recovery pressure in per cent of the meter- 
mixture differential has been plotted against solids-flow rate in 
Fig. 10. The recovery for gas flowing alone conformed, in 
general, to the Venturi-tube pressure-recovery data presented by 
Warren (6). As the solids phase was added, the percentage 
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recovery decreased rapidly with increasing solids rate, the rate 
of change of this decrease being greater for the smaller-diameter 
tube. For very high solids rates, the loss in the diffuser section 
was found to exceed the Venturi pressure differential by a con- 
siderable amount in some cases, The pressure fluctuations that 
were observed across the diffuser section at high loadings indi- 
eated to a certain extent the degree of turbulence that existed 
in this section. This excessive turbulence in the diffuser section 
probably was caused by the solids velocity being greater than 
the fluid velocity, which would result in excessive losses at high 
loadings. 

Although this investigation was limited to rather small Ven- 
turi tubes, the results seem to indicate that the Venturi may be 
used to meter the solids phase in a gas-solids mixture when the 
gravimetric gas-flow rate is held constant. This may be accom- 
plished by using «a calibrated blower for the gas phase or by use 
of an orifice meter and controller in the clean-gas system. In 
view of the lack of sufficient data for the prediction of line slopes 
when metering the mixture, a calibration covering several solids- 
flow rates must be made. In systems where a calibration cannot 
be made, the Venturi tube may still serve a most useful purpose 
by indicating instantaneous changes in the solids-flow rate. 


C'ONCLUSIONS 


Certain conclusions may be drawn with respect to the metering 
of the solids phase in a gas-solids mixture flowing through a 
Venturi tube when the flow is essentially incompressible and the 
gravimetric flow rate of the gas phase is held constant. 

For the range of solids loading covered in this investigation 
the pressure-differential versus solids-flow-rate relationship was 
a linear one for the Venturi tubes used in metering the gas-solids 
mixtures, 

As predicted by theoretical conditions, the pressure differentials 
for vertical placement of the Venturi tubes were found to be 
greater than those for horizontal placement 
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The slope of the straight-line relationship appears to depend 
primarily on the gravimetric gas-flow rate and the Venturi-area 
ratio, The slope increases with increased gas rate and decreas- 
ing area ratio as predicted by application of the general energy 
equation. Although the be 
readily from theory, the use of the Venturi is not restricted since 


line slopes cannot determined 
the meter may be calibrated in place or used to indicate instan- 
taneous changes of solids flow, 

The Venturi-area ratio should be as high as possible to reduce 
power losses resulting from excessive pressure differentials at 
high loadings and to keep velocities within the range of minimum 
erosion for the system, 

The Venturi-diffuser section is quite effective in’ recovering 
pressure at light solids loadings but drops rapidly in effectiveness 
as the solids loading is increased. 

Further investigation of the variables involved seems neces- 
sary in order to determine whether the Venturi-tube flow con- 
stants enn be predicted from the eonstents of the system 


ACKNOWLEDGMENT 
This investigation, a part of the researeh program: tn multi 
phase flow at the University of California, was supported in part 
through a Researeh Corporation grant 
BIBLIOGRAPHY 


Means of Venturi 
73. 1951, p. 403 


Measurement by Tubes,” 


ASME. vol 


Discharge 
Jor Tr ans 


9x10 


6 
(POUNDS PER SECOND) 


Venturt Recovery Pressure, Per Cent or Meter Dirrerentrar, Versus 
Rare ror Vartous Constant 


Rates 


2 “Flow Characteristies of Solids-Gas Mixtures in a Horizontal 
and Vertical Circular Conduit,”” by L. Parbar, Industrial and Engi- 
neering Chemistry, vol. 41, 1949, p. 1184. 

3 ‘The Horizontal Carriage of Granular Material by an Injector- 
Driven Au \. Wood and A. Bailey, Journal and 
Proceedings of The Institution of Mechanical Engineers, vol. 142, 
December, 1039, p. 157 

1 ‘‘Meter for Flowing Mixtures of Air and Pulverized Coal,” by 

M. Carlson, P. M. Frazier, and R. B. Engdahl, Trans. ASME. 
vol. 70, 1948, p. 65 
5 “Die Experimentelle Untersuchung des Pneumatischen Forder- 
vorganges,”’ by Gisterstadt, deutscher Ingenieure, 
Forschungsarbeiten, vol. 265, 1924, pp. 3-75 

6 A Study of Head Loss in Venturi-Meter Diffuser Sections.” 
by J. Warren, Trans. ASME, vol. 73, 1951, p. 399. 


Stream,” by S 


Vereines 


Discussion 


Frazier. The experimental data and equations presented in 
this paper point out the factors which must be considered in the 
design of a Venturi to meter gas-solids mixtures. Apparent dis- 


Battelle Memorial Institute. 


ngineer 
ASME 
Battelle Memorial Institute, Columbus, 


Research 
Ohio. Jun. 

‘Supervisor 
ASME. 

5 Assistant Professor, Mechanical Engineering Department, Speed 
University of Louisville, Louisville, Ky. Jun. 


Mer 


Ohio 


Scientific Sehool. 
ASMI 


Ridge, Tenn. Jun. ASM1I 


- 
| 
‘ 2 3 5210 
6 sol—_ | | 
| 


FARBAR 

‘ repancies from the results given in the author's reference (4) can 

be justified if the equations presented are used in their basic form 

Assuming frictionless flow and the velocity of the solids equal 

to the velocity of the gas in the pipe, Equation [3 | of the paper ean 
be used to develop 


ABP wie 
2 


When V,, = Vy, this equation is that of the author's Equation 

4) with a slope of 1. Otherwise, the slope of the plot of this equa- 
tion is a function of M, V,, and V,,. With J constant, the 
slope will be less for the smaller values of the ratio V,,/V,,.. There- 
fore the slope will depend upon the acceleration of the particles 
on the nozzle which will be influenced by the particle size and 
density. The larger and denser particles will accelerate less and, 
The data presented here were 
obtained with material of 2.45 specific gravity, 50 percent of which 
of the 
paper, the specific gravity was 1.3 and only 7 per cent was larger 
than 200 mesh 


the laboratory data of the two experiments, 


therefore, will decrease the slope 


owas Jarger than 200 mesh. For the work in reference (4) 
Qualitatively, this may explain the difference in 
Further work is 
checessary to determine quantitatively the effeet of the size and 
density on the velocity ratios 

When V 
will result in an increase in the slope. The author's data show 


the slope is a function of WW and decrease in 


this trend since the slope for Venturi V-2 was greater than that for 
which bad a larger W-ratio. 

The intercept ratio from Equation [3 | of the paper, for constant 
gravimetric flow rate is proportional to 


K 
V2 


‘The author assumed that 1/.M? was sufficiently large to be pre- 
donainating and reports the intercept ratio to be proportional to 
The 
committed. However, for the Venturi meters tested, the term (— 1) 
The intercept 


value of AKy., would be. sufficiently small to be 
should not be omitted especially when using ratios 
ratio when proportional to 1/4? is equal to 3.16, and when pro- 
portional tol Ve 

omental value of 4.36 


lis equal to 4.13 compared with the ¢ Nperk 
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In the discussion of the slope of Equation [3], the author has 
assumed the value of (WV V,,)? to be small enough to be omitted. 


If this term is equal to unity, then 


va 
SaW, ( - 
Vy, 


The value of unity should not be omitted for the same reasons 
as given in the foregoing discussion on the intercept ratio. The 
omission is even more when | V re 

For constant gravimetric flow rate and with Vy, = Vy, the 


slope rath would be 


Thus the slope ratios depend not only on the M-ratio but also on 
With 


the ratio of Vy, to Vy, whieh may be equal to or less than 
velocity 
Although this 
is not a precise value of the velocity ratio, it docs indieate im- 


the slope ratios from the experimental data, thy 


from the foregoing equation would be about OS 


portance of evaluating the ratio for accurate analytienl analysis 
and the necd for additional study in this field 


AuTHOR’s CLOSURE 


The author acknowledges with appreciation the interesting 
comments by Messrs. Hummell, Engdahl, Carlson, and Frazier, 
and thoroughly agrees that further quantitative work is necessary 
to determine the effeet of particle size and density on the flow 
characteristics of gas-solids mixtures 

The author believes that any discrepaney between the results 
presented in this paper and the results obtained by the discussers 
is due not only to differences in particle size and density but also 
due to the influence of particles on one another under conditions 
of high loading. ‘This influence exhibits itself in the manner in 
Which the solids phase may flow in clusters of particles or ina 
dense and stratified laver when in a horizontal conduit 

A further complexity in the analysis is introduced when a 
range aggregate the 
author has avoided specifying any velocity ratios. The simpli 


Wide-size solids mixture os used: hence 


fied analysis has been used to indicate the trend that theory pre~ 


dicts and its verification by experimental results 
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Experimental Evaluation of Expansion 


Factors for Steam 


By J. W. MURDOCK? anv C. J 

The empirical expansion factor for the orifice-metering 
of compressible fluids is based largely on tests of natural 
This paper presents data on superheated 
steam for orifice ratios from 0.30 to 0.82, superheats from 


29 to 255 F, and pressures of 44 to 102 psia. 


gas and air. 


Expansion 
factors obtained were in close agreement with those of 
natural gas and air. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


slope factor, K versus A, dimensionless 

= area of orifice, sq in. 

coefficient of discharge, dimensionless 

internal diameter of pipe at upstream tap, in. 

diameter of orifice, in. 

area multiplier for thermal expansion of orifice, dimen- 
sionless 

ratio of specific heats, dimensionless 

flow coefficient (coefficient of discharge with approach 
factor included), dimensionless 

flow coefficient caleulated from ASME equations, di- 
mensionless 

flow coefficient for A,, dimensionless 

flow coefficient from steam tests, dimensionless 

flow coefficient from water tests, dimensionless 

absolute inlet static pressure, psi 7 

absolute outlet static pressure, psi 

differential pressure across primary element, psi 

Reynolds number based on orifice diameter, dimension- 


less 


gravimetric rate of flow, lb per sec 

ratio of pressure drop to absolute inlet pressure 
Ap/p:, dimensionless 

empirical expansion factor (ratio of flow coefficient for 
gas to that for liquid at same value of Ry), dimension- 
less 

empirical expansion factor calculated from ASME 
equations, dimensionless 

empirical expansion factor from steam tests, dimension- 
less 

diameter ratio, D,/D,, dimensionless 

slope of the K, to 2/k-curve, dimensionless 

reciprocal of Reynolds number, dimensionless 
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inlet density, pef 


= reciprocal of Reynolds number when (Ra = 10°D,/15) 


dimensionless 
= absolute viscosity at inlet conditions, lb per ft sec 


INTRODUCTION 
The tests described in this paper were conducted at the | 
Naval Boiler and Turbine Laboratory (1)* as part of the 


operative program of the Joint AGA-ASME: 
Orifice Research. 


Committee on 


Tests with steam and water were made 


Texas, and others with water at the National Bureau of Stand- 


to 
supplement those with natural gas at Rockville, Md. (2), Refugio, 


ards, 
Many of the data described were obtained during tests to de- 
termine interference effects of fittings placed various distances up- 


stream from an orifice. Additional runs were made to furnish 


more complete evaluation of the expansion factor, 


This paper presents experimental data confirming the a 


empirical expansion factor for orifice-metering of superheated 
It is hoped that the results of the interference tests may 
be presented in a later paper. 


steam. 


ASME Vatvues 
Values and relationships referred to in this paper as ASME are 
those of reference (3). Equations for flow coefficient and expan- 
sion factor are reproduced in the Appendix. 


COMPRESSIBLE FLow 


Flow measurements by differential-type meters are based on 
the hydraulic equation for fluids of constant density. Metering 
a fluid such as a gas or vapor necessitates accounting for the 
change in density with pressure. In devices where the minimum 
flow area is the throat of the primary element, such as a nozzle, 
the effect of density change may be computed from theoretical 
equations, For the sharp-edged orifice, however, the minimum 
flow area is at the vena contracta located downstream of the 
orifice rather than at its throat. The stream of compressible fluid 
is not restrained as it leaves the throat and it is free to expand 
transversely and longitudinally to the point of minimum flow 
area, 
compressible fluid than for a liquid 

Dr. Edgar Buckingham (4) pointed out the difficulties of an 
exact mathematical solution and in (5) presented a “theoretical 


Thus the maximum contraction of the jet will be lass for a 


equation based on simplifying assumptions.” In the same paper 
he also offered an empirical equation based on test data available 
in 1932. This equation was later adopted by the ASME (3), and 
is today the basis for all metering calculations of expansible 
fluids. 

The ASME equation is basee primarily on tests with natural 
gas and air. Data on superheated steam by Witte were analyzed 
by Dr. Buckingham (5) and seemed to agree with those of gases, 
but uncertainties in interpreting Witte’s data and the difficulties 
in making accurate readings from his published figure led Dr. 
Buckingham to conclude that some of this agreement might be 


coincidental. Because of the lack of supporting data, the toler- 


‘Numbers in parentheses refer to the Bibliography at the end of 
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ance for expansion factors for superheated steam has been set by 
the ASME: (6) and (7) as twice that for gas and air. 


L.QuipMENT AND PROCEDURE 


Steam information supplementing that of natural gas and air 
was obtained with the facilities and techniques deseribed in this 
section 

The orifiee-meter section was fabricated in accordance with 
ASME: standards and practices (7). Pressure differential taps 
were located at flange and radius (1 and '/,) dimensions, 

The 


hole was beveled downstream at an angle of 45 deg to a eylindri- 


Orifice plates were constructed of '/\-in. stainless steel 
eal thickness of °/e in. Three centering pins were drilled and 
tapped into the downstream side of each plate to insure concentric 
installation. Data were obtained on ten plates ranging from 
0.3007 to 0.8221. 
vivenin Table 


Physical dimensions of these plates are 


RESUME OF PERTINENT INFORMATION 


m= [» [>] 


Dimensions of the System D, = 3.9892" 


0.7921 
3.1600* 


TABLE 1 


0.7422 
2.9608 


0, 3007 0.4949 0.6515 0, 8221 
1.199% 3.279% 


1,.9743* 2.5990 
Constants for Computing A.S.M.E, Values of Y and K 


3 

Dy 
0.0082 
0.9959 


4 
390 


0.413 


0.1802 
0.9054 
12% 


0.4568 
0.7309 
2407 

0.570 


Steam Test Reynolds Nusbers and per cent Computed K 
Deviation from Average Ry 
[1 490,000 
1,090 ,000 
1,210,000 


450 ,000 

440 4000 

440 4000 
0,00 


2,710,000 
1,330,000 


3,070 ,000 
1,510,000 
2,190,000 


3340 ,000 

1,670,000 

2,550,000 
0,04 


Radius 0,@211 
Flange 
Cy Radius 


Flange 
Cy Radius 
Flange 


€ Radius 
Flange 
Radius 
Flange 

K, Radius 
Flange 


Average 100(¥_ 
+0,18 | 


+0.40 


Flange +0.23 *0,37 *0,09 *0,30 *0.23 +0,18 


Radius 


® D,-Orifice 11 = 1.9746", 12 = 1.9740", Orifices 7 and 8 were identical. 


Phe test section was a straight run of pipe, 147 diam in length, 
discharging into an atmospheric condenser and from there into a 
weighing system, Steam or water could be introduced without 
any change in the test seetion. 

Inlet pressure at each set of taps was read on 0 to 300-psi-range 
Bourdon-tube-type test gages, smallest increment Ib. Read- 
ings were estimated to the nearest '/j¢ Ib. Pressure differential 
neross each set of taps was measured with well-type differential 
nanometers, range 1 to 56 in., smallest scale increment in, 
or inverted U-tube differential manometers, range 0 to 100 in., 
with line pressure balanced by air pressure above the water in the 
nanometer tubes. Readings were estimated to the nearest: 
in 

Two total-temperature-type thermocouple wells (8) were in- 
stalled, one approximately 70 pipe diam upstream, the other 5 
pipe Calibrated iron-con- 


thermocouple 


diam downstream from the orifice 
wire was used. Hot-junction tempera- 
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tures were read on a self-balancing potentiometer, range 0 to 40 
mv, smallest increment ?/ig9 mv. 
the nearest 4/19 mv. Ice bottles were employed to provide con- 
stant cold-junction temperatures of 32 F. 


Readings were estimated to 


Mass flow was determined by discharging into two tanks alter- 
Keach tank was mounted on a 0 to 4000-])) 
scale, smallest increment 1 Ib. 
pound. 
by means of a weir box 


nately and weighing. 
Data were recorded to the nearest 
Constant level was maintained in the condenser hot wel! 


Test Accuracy 


The accuracy that may be obtained from a test is dependent 
upon the instrumentation. If a single variable is measured then 
it is limited by the standard used. If more than one variable is 
measured such as in these tests then only a probable accuracy can 
be estimated. The probability that each measurement will be 
in the same direction is small hence, from mathematies, the over- 
all aceuracy will be the square root of the sum of the squares of 
the individual accuracies. 

The sccuracies computed in Table 2 do not refer to accidental 
errors in observation or improper test conditions concerning which 


PABLE 2 PROBABLE TEST ACCURACY 


- Steam tests -~Water tests 
Effec- 
tive Square Accuracy, tive 
power percent power 


Quantity 
measured 


Accuracy, 
per cent 


Square 


Differential pres- 
sure 1 i 
Static pressure 2 t 
Temperature 1 0025 x 
Density 3 1 0225 x 
Orifice diameter. ¢ 2 0100 
Thermal expan- 
sion of primary 
clement O05 
Weight 1 
Sum of squares 
Over-all accuracy 


0025 
0100 


0 


0 0025 


0025 

O100 
0 0600 
+0.25 


0 0275 


per cent +0 17 


no general predictions are possible, Each run will have its own 
For example, 50 in. can be read on the same 
Table 
2 is based on the method given in reference (6)5 and values have 


Preliminary analvsis showed considerable deviation from the 
The eali- 


bration of the 0.3007-ratio orifice showed such a deviation fron: 


probable accuracy. 
manometer to a greater accuracy than a differetial of 10 in 


been chosen for an average run 

Data AND RESULTS 
ASME expansion factor, as the Beta ratio decreased 
accepted values that a thorough recheck of the system was made 


Although 
this leakage was small, flow rates of the low-Beta-ratio orifices 


It was found that minor valve leakage was present. 
magnified its effect. Runs were made with increasing mass flow 
as the differential inereased. This method of operation made it 
impossible to distinguish the effect of leakage from the expansion 
factor 

It was determined that this minor leakage did not affect ratios 
greater than 0.65, the correspondingly higher mass flow making 
Blanks and tell-tales were installed to 
prevent and detect leakage. Reruns of nearly constant mass flow 
were made on the 0.3007, 0.4949, and 0.6515 orifices. All water 
tests were made with the improved system. 


variations negligible, 


The test data are shown in Tables 3 and 4 for steam and water, 


respectively, and graphically in Figs. 1 to 4, inclusive. 
FLow 
Individual steam tests can determine only the product A of 
The flow coefficient 
must be determined by calculation, water calibration, or correla- 


the flow coefficient and the expansion factor. 


® Reference (6), p. 128, 


= 
| 
0.904 8346 0. 7786 
1851 219% — 
Ry Max. { 
Rq Min, 
Ra Ave. 
| 
| 
5909 O50 ), 0054 0083 
59 0.6172 0, 6083 0.6142 
1 0.594 .6132 0,6032__| 0.5981 __ 
Data from Method of Least Squares 
2512 | 0.2632 | 0.3292 | 0.3408 | 0.4227 | 0.5184 
0.2405 0.2561 0.3156 0, 3542 0.4050 0.4516 
0.420 0.483 0,468 0.536 0.610 
403 0.410 0, 466 0.488 0.523 0.556 
0, 5964 7289 0, 7888 0.8495 
5971 é 7263 0.7747 0.8117 
j 
‘ 


rABLE 3 


OBSERVED AND CALCULATED STEAM TEST DATA 


0.456 534.5 


0.470 545.1 


0.487 


552.7 


Orifice 11 


1.286 
1,308 
1,396 
1,433 
1.350 
1.308 


Orifice 12 


1.404 
1,433 


1.578 356.4 


Orifice 


Orifice 8 


5.579 
4.315 
3.443 
5.828 
4.809 
3.452 
7.956 
6.223 
5.261 
4.196 


521.5 
533.9 
544.6 
516.5 
520.6 
519.1 


328.4 


Dy = 1.9746" 


350.4 


24 


347.7 
34420 
345.6 
349.9 
346.8 
344.9 
352.4 
358.6 
358.6 
355.6 
354.7 
350.1 
348.8 
348.0 
497.3 
500.4 
498.0 
350.5 
478.1 


Orifice 7 


5.848 
5.343 


4.779 
3.441 335.5 
5.886 348,90 


Orifice 18 


8.090 
6.958 


364.9 
364.2 


BAS 


341.3 
338.3 


6.014 359.8 
4.330 358.6 
7.369 358.7 
6.584 362.8 
5-494 360.3 
4.014 358.6 


77.1 
76,0 
714.9 
76.1 
76.2 
76.4 
75.8 
75.9 0.0602 


44.4 0.3547 
58.3 0.2084 
99.5 0.0745 


75.4 
75.7 
77.5 
76.9 
75,8 


76.6 


76.2 
76,8 
76.6 
76.8 


76,0 


76.5 
75.9 


76.4 0.1925 
75.6 0.1759 


75.4 0.1879 
76.5 0,182 
76.1 0.1172 
74.0 0.0603 
76.9 0.1808 


Dy = 3.2794" 


0.3521 


0.2080 
0.0731 


D, = 2.5990" 


0.1403 


75.7 0.1802 


D, = 3.1600" 


0. 3001 
0.2063 
0.1490 
0.0884 
0.2388 
0.1771 
0.1185 


49.2 


0.5717 69.9 
0.5829 99.2 


0,6648 99,1 
0.6653 102.3 


77.9 
76.8 
75.5 
76.6 
76.9 
77.0 
76.4 
76.3 


Flow Temp. Radius Tap Data ‘Flange Tap Data 
Orifice 30 D, 1.1994" = 0.3007 


0.2935 
0.1403 
0.9723 


0.3178 
0.2219 
0.1608 
0,0950 
0.2547 
0.1905 
0.1270 
0.9650 


8. 
4 Run Time 
No. Sec. 
231 4680 
232 3960 2 
233 4320 (0.45 831 
242 3600 0.75 45.3 MMMM 0.5576 45.1 0.3552 0.557% 
243 3600 0.76 0.5870 57.3 0.2087 0,5851 
244 4320 0.78 8499.1 0.6113 99.2 0.0735 0,6089 
245 5400 0.83 98.9 0,0750 0.6114 98.9 0.0754 0.6098 
246 3600 0.79 69.2 0.1434 0.5988 69.1 0.1441 0.5982 
247 5040 0.77 0,2912 0.5664 49.8 0.2922 0.5654 
D, = 1.9740" = 0.4948 
255 5400 | 61.00 0.5544 4462 0.3575 0.5547 
256 4680 81.03 0.5877 58.2 0,2096 0.5870 
257 3600 31.09 0.6088 99.3 0.0749 0,6081 
269 4320 2.576 486.7 1.17 70.3 0.6440 70.1 0.1494 0,6410 
270 4320 2.431 487.9 1.11 49.0 0.289¢ » 0.2933 0,6056 
271 3240 2,382 484.5 1.09 44.7 0.34% 0.3537 «0.5928 
272 3960 2.684 489.9 1.21 9.3 0.0714 P| 0.0725 0,6612 
273 1800 2.932 368.9 1.49 102.2 0,069 0.0698 0,6608 
Orifice 10 = 2.9608" 7422 
7 $040 4.701 345.1 2.2] 0.6787 75.7 0.1830 0.6735 
8 5400 3.906 344.3 1.84 0.6936 75.3 0.1220 0,6888 
9 7200 2,864 344.4 1.34 0.7082 75.6 0.9618 0.7026 
67 7200 4.760 354.7 2.19 0.6834 77.1 0.1768 0,6854 
68 5400 3,968 351.0 1,84 0.1189 0.6973 76.5 0.1193 0.6995 
69 7200 2.913 345.8 1.32 0,0586 0.7123 75.8 0.0589 0.7142 ‘ 
70 3600 5,825 349.7 2.71 0.2945 0.6516 77.3 0.2951 0,6452 
71 3600 5.048 351.0 2.35 0.2096 0.6738 76.7 0.2104 0,6681 
72 3600 4.382 348.0 2.04 0.1471 0.6914 77.3 0.1477 0,6854 
73 3600 3.465 346.3 1.63 0,0881 0.7077 77,0 0.0886 0,7023 | 
74 3600 5.374 341.3 2.52 0.2342 0.6685 77.3 0.7354 0,6425 
75 3600 4.761 342.8 2.23 HE 0.1804 0.6830 76.6 0.1308 0,6769 
76 3600 3.965 342.7 1.36 | 0.1176 0.6999 76.9 0.1185 0,6938 
77 3600 2.962 340.2 1.34 0.0598 0.7132 76.4 0.9597 0.7093 
D, = 3.1600" = 0.7921 
5400 2.43 73.5 0.1803 0.72% 73.6 0.1870 0.7145 
5400 2.12 76.9 0.1199 0.7443 75.9 0.1244 0.7316 
5400 1.51 75.7 0.0589 0.7635 75.6 0.0612 0.7499 
44 5400 2.54 76.9 0.1806 0.7268 76.4 0.1825 0.7277 : 
65 5400 2.09 76.3 0.1177 0.7484 75.9 0.1190 0.7482 1 
: 66 6120 1.52 75.5 0.0585 0.7697 75.1 0.0593 0.7692 J 
78 3600 3.07 76.2 0.2980 0.6921 76.9 0.3040 0.6790 
79 3600 2.69 77.4 0.2079 0.7230 78.9 06,2132 0,7085 
80 3600 2.27 75.1 0.1503 0.7418 75.7 0.1535 0.7283 
81 4500 1.81 75.4 0.0901 0.7605 75.9 0,9921 0.74670 
82 3600 6,590 2.84 77.4 0.2371 0.7146 78.0 0.2426 0.7011 
83 3600 5.737 2.50 74.6 0.1815 0.7364 75.3 0.1847 0.7233 . 
84 3600 4,355 2.11 76.2 0.1198 0.7508 76.7 0.1224 0.7379 
85 5400 3,517 1.53 76.4 0.9592 0.7724 0.0606 0.7582 
157 3060 5,049 1,85 0.7393 76.4 0.1666 0,7223 ' 2 
158 3780 5.966 2.19 0.7111 77.0 0.2471 0.6956 
159 3600 4,155 1.52 0.7601 77,3 0.1049 0.7415 
160 216 5.991 2.61 P| 0.7288 77.0 0.1974 0.7142 
161 28100 1,96 0.7379 76.2 0.1803 0,7231 
163 3600 202.57 0.7268 76.3 0.1937 0,7074 
164 5760 2.57 0.7272 77.2 0.1885 0,7066 
165 3600 2.12 0.7426 76.7 0.1223 0.7214 
166 3960 1.53 0.7664 74.5 0.0626 0.7474 
167 3600 2.56 0.7329 77.7 0.1878 0.7109 
111 5400 | 3.34 0.7304 26 
3600 2.87 0, 769] 340) 
113 3600 2.48 0.7925 568 
114 3600 2.01 0, 798 
115 3600 3.07 0.751’ 14 
116 3600 2.71 0,781) 472 : 
117 3600 2.27 0.803¢ XW 
118 3600 1.67 0. 222: 373 bal 
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CURVES CALCULATED 
FROM ASME 
EQUATIONS 
QUATION CURVES CALCULATED ——7 
POINTS FROM 
FROM ASME 
TEST DATA _ | EQUATIONS 
| POINTS FROM 
TEST DATA 


| 


8=08622! 


7422 


B=0.4949 


B=0.3007 


02 02 


Pic. Sream Taps Fie. 2) Steam Datra— Fiance Taps 


T 


CURVES CALCULATED 
FROM ASME 
EQUATIONS 
POINTS FROM 
TEST OATA 


CURVES CALCULATED | if 
FROM ASME } 


EQUATIONS 
POINTS FROM | | 

TEST DATA 


ps06sis 


| 


| 


am 
a 


6 
rx 10° 


Pic. 4 Water Data —FLance Taps 


bia 3) Warer Data Ravius Taps 


tion of several steam tests, before the expansion factor can be 
evaluated polate these data to Ap/p, = 0, the mathematical method of least 
The flow coefhicient A, at Ry 1,000,000 was calculated from — squares was used to prevent errors of judgment. For a A, deter- 
ASMEO equations. The water coefficient Ay was calculated — mined in this manner to be valid, all data for each line must be at 
from test data. Steam test data were linear in the AY versus — the same Reynolds number. Although there was a considerable 


Ap/ plots of each orifice as shown in Figs. 1 and 2. To extra- range of Reynolds number, the magnitude of Ry was so great that 


O56 
+ 
082 
T 
7 + + 
wy + Te 
9 
062 = ied 4 062 N 
050 A 050 
062 
| | 082 
F 074 + + 
K 
070 
| | | | 066 | 
4 
| | | | + + + 4 + 4 
4949 
0.62 = | 9 70.4949 | 
| | | p=0 3007 O82 
4 ‘2 
7 


MURDOCK, FOLTZ 


TABLE 4 OBSERVED AND CALCULATED WATER T 


DATA 


Radius Tap Data 
| K 


] 


D, = 1.1994" 


Orifice 12 


21.134 
17, 728 


Orifice 24 


21,173 
18.962 
16,771 
15.066 
12.249 

8.994 


we 


Orifice 10 


12.757 
14.950 
17,238 
19.658 
21.219 
20.570 
16,225 


Orifice 8 


15.335 
18,286 
21.379 
20.239 
17,281 


= 0.6515 


1,266 
1,266 
0.795 
0.641 
0.425 
0.228 


B = 0.7422 


0,226 
0.416 
0,543 
0,632 
0.596 
0.370 


Rg = 1,000,000 
—aAvG TEST 


| RADIUS TAPS 


os 


FLANGE TAPS | 


5 Comparison oF Flow 


EXPERIMENTAL EVALUATION OF EXPANSION FACTORS FOR STEAM 957 


K-variation was negligible. Table 1 shows these 
values, the maximum deviation of A’ being 0.04 
per cent, 

Each series of steam and water tests was con- 
ducted at different Reynolds numbers. An arbi- 
trary value of 1,000,000 was chosen for comparison 
purposes. The steam and water-flow coflicients 
were adjusted by assuming the ASME K versus A 
relationship and extrapolating to 1,000,000 parallel- 
ing the A. versus A curve. Fig. 5 shows the tlow- 
coefficient relationships, the coefficient of discharge 
KV 1 B* being used to permit a smaller grid. 

By definition all of these flow coefficients are equal 
or 


K = K. = K, = K, 


The ASME flow coeflicient is based on the average 
of a series of tests on different orifice-meter sections. 
I-quations are not valid for ratios greater than 0.75. 
Flow coefficients for any given orifice metering svs- 
tem constructed and installed in accordance with 
ASME: requirements (7) may deviate from the aver- 
age. Since no two systems can be constructed 
exactly alike, except by accident, minor variations 
in approach conditions, pipe roughness, fabrication, 
and location of pressure taps, and sharpness and 
concentricity of the orifice plates will influence the 
actual flow coefficient 

The flow-coefficient curve for the individual sys- 
tem should be similar to that of the ASME if proper 
test techniques are employed, Fig. 5 shows that a 
curve similar to that of the ASME: can be drawn 
through the average of the steam and water points. 
It should be noted that the average deviation is less 
than 1 per cent, the seale being such that minor 
variations are magnified, 

The steam and water-flow coefficients should be 
the same within the limits of test accuracy and ex- 
trapolation errors. With the exception of data ob- 
tained on the 0.6515-ratio orifice, Fig. 5 shows Ay 
and A, to be in close agreement. [examination of 
the water data for this orifice (Figs. 3 and 4), indi- 
cated that the test points do not follow the ASME: 
K to X relationship; indeed these data do not show 


any change in A with R,. 

From the foregoing discussion it is evident that cither AY, A,, or 
their averages could be used to evaluate the expansion factor. 
However, because of the doubtful 0.6515-data and the lack of 
water data for the 0.8221-ratio orifice, A, was used to evaluate the 


expansion factor. 


A SME. EQUATION 
=0 41+ 0 3584+ 


i. 4 i 
TEST EQUATION © RADIUS TAPS 
¢/Kg=0 4040 3584 @ FLANGE TAPS 


| 
| 


Expansion Pactonr 


Run | Time Temp. Ry x 1108 | | Flange Tap Data 
No. Sec. | \ oF o-6 Ra —P K 
Orifice 30 = 0.3007 
211 3960 13.361 71 0,261 3.83 13.9% 0.6002 13.92 0,6008 
212 3600 15.727 72 0.312 3.20 19.37 0.5996 19.34 0.5999 
213 3600 7.721 73 0.155 6.45 4.66 0.5999 4.65 0.6008 
217 3240 13.399 82 0,300 3.33 14.09 0.5993 14,05 0,6002 
218 3060 9.492 81 0.222 4.2 7.09 0.5984 7.06 0.5996 
219 4320 4.465 80 0,098 10.20 1.558 0.6005 1.556 0.6008 
240 4320 16,108 89 0.394 2.54 20.44 0.5985 20.44 0.5985 : 
; 241 3960 12.551 87 0.301 3.32 12.35 0.6000 12.35 0.6000 
P| D, = 1.9740" B = 0.4948 
258 1800 0.314 3.18 4.18 0.6260 0.6234 
259 3240 0.267 3.75 3.075 0.6266 3.086 0.6255 a 
260 3600 0.193 5.18 1.593 0.6246 1.611 0.6251 
261 1800 0.335 2.99 4.28 0.6256 4.31 0.6240 
262 3240 17.922 0.294 3.40 3.135 0.6275 30153 0.6257 
263 2520 16.316 0.264 3.79 2.608 0.6266 2.615 0.&257 
264 2520 15.451 0.250 4.00 2.333 0.€274 2.340 0.6265 4 
265 2880 14,214 0.230 4.35 1.972 0.6278 1.983 0.6260 
266 2880 10.583 0.171 5.85 1.090 0.6287 1.090 0.6287 
267 2880 7.541 0.122 8.20 0.553 0.6289 0.557 0.6267 
297 2040 20,827 0.203 4.93 6240 4028 0.6227 
298 1800 21.010 0.205 4.88 4.29 0.6246 4.33 0.6248 
Dy = 2.5990" 
275 1800 0.249 4.02 1.251 0.677 6734 
276 1800 0.223 4.48 1,006 0.676 6734 
277 2520 0.199 5.03 0.785 0.677 6732 
278 2880 T 0.181 5.52 0.635 0.676 6735 
279 2880 0.149 67 0.421 0.675 6726 
280 3600 0.111 9.02 0.227 0.675 6743 
D, = 2.9608" 
281 2520 0.134 7.46 0.226 0.743 74,00 
282 2880 0.161 6.21 0.311 0.739 7383 | 
283 2880 0.188 5.32 0.413 0,740 7373 
284 2880 0.214 4,67 0.541 0,737 7359 
285 1800 0.231 4.33 0.@29 0.738 . 7363 
287 1800 0.224 4.46 0,593 0.736 
288 2880 0.177 5.65 0,368 0.737 7359 
D, = 3.1600" = 0.7921 
: 289 2520 0.150 6,67 0.217 0.7970 0.221 0.7897 
290 3240 0.185 5.41 0.307 0.7992 0.317 0.7865 . 
291 2520 0.221 4.52 0.419 0,8000 0.430 0.7897 
. 292 2160 0.209 4.78 0.374 0.8016 0.384 0.7911 
293 2880 0.178 5.62 0.271 0.8040 0.279 0.7924 
64 
| 
60 — 
| 
: | 
[ 
| | 
| | | 
58 02 
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Expansion Facrors 


The straight-line relationship of the test data for any one orifice 
and set of differential pressure taps permits mathematical expres- 
sion in terms of the familiar y Introducing 
the seoustie ratio ¢/k to permit comparison with compressible 


mr + b equation. 


fluids of different specific-heat ratios, the data for any one orifice 


and tap arrangement may be expressed as follows 


K, — ex/k {1] 


Since kK 


same manner as A, bquation [1] can be rearranged to read as 


and the slope factor € may be obtained in the 


follows 
Y,=1 (€/K,)(z/k).... [2] 
Values of €/ A, plotted as a straight line against 8! are shown in 
Fig. 6. By the mathematical method of least squares, the foliow- 
ing equation is obtained representing all the test data 
[3] 


ek 0.40 + 0.3584 


Substituting the value of €/A, of Equation [3] into Equation 


(2) 


the following equation for the expansion factor is obtained 


y, (O40 + /k 


The test equation agrees closely with the ASME equation 


(O41 4 0.3584)r 5) 


An alternative method of comparing the expansion factor is to 
hig 
The average dif- 


compute ), by dividing the test AY by A, 7 shows the 
average deviations obtained by this process 


ference for all orifices was +0.0S per cent 
= 


© RADIUS TAPS 
@ FLANGE TAPS 


= 
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CONCLUSIONS 


From these data it is concluded that the ASME expansion fae- 
tor ) is valid for superheated steam and tolerances for this vapor 


should be the same as that for air and gases, ‘ 
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Appendix 


Solber 


Yo= ASME empirical expansion factor was ealeulated from 
the following equation® 
= (O.41 0.358*)2/k 


as given in the following: 


ASME: flow coefficients were caleulated from equations 


(ieneral relationships 


K K,(1 + 4 


D830 50008 + 120089 + 


15 


A, for radius taps 

(0.409 + 0.012; D,)B 

+ 0.5 D, 3) 
Bp)? 

+ 40 De + 9) (Bp 


0.0090 2D, 4 
D,) (0.5 


K, = 0.5933 4 
+ 
(0.000 + 0.034 


0.7) 9] 


A, tor flange taps 

K, 0.5993 + 0.007 D 
LOA 

(0.009 4+ 0.034 D,) (0.5 

-(65/D,2 + 3)(8 — 0.7) 


Test AY: Test values of the product of the flow coetlicient and 


(O.3604 
0.5 D, 


the expansion factor for steam, and the flow coefficient for water 


() 


1), were enleulated from the following equation: 


KY = w/(0.668A, EV {11} 


Equation {1 was obtained by rearranging Equation [2] of 
reference (7).* 


Test R,: 


from the following equation’ 


The Reynolds number of the orifice was ealeulated 


R 


3), p. 28. 
te TIS! 


Equation [6], reference ( 
selected from Equations 
* Reference (7), pos. 


Thid., 


Equation [6], 


reference 


q 
A |; | 
_ 
3 
7 
| 
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PuysicaL VALUES 
FE, Values for the area multiplier for thermal expansion were 
for 18 Cr and & Ni material 


hk, The ratio of specitic beats was chosen as a constant of 1.31, 


taken from reference (7)* 


being the average value shown reference (9)'! for test conditions 
pr, Values of inlet density were obtained from steam tables (9) 
using an energy-balance method deseribed in reference (8) to con- 
vert total temperature-well data to inlet conditions, 
wi, Values of viscosity of steam and water were taken from 
reference 0) 


[Discussion 


hk. J. Berriay.'* 
experimental work on steam-expansion factors with values given 
in the ASME Fluid Meters Report, Part I, 1987. The ASME 
values also are empirical. 


The paper under discussion compares recent 


It is of interest to compare these results with those obtained 


from a purely theoretical analysis. There is a solution of the 


Reference (7), Fag. 3. po 1s 
Reference 9%) 


The Jet-Vae Corporation, Waltham, Mass. Jun. ASME. 


ATION 


EXPANSION FACTORS FOR STEAM 
Eulerian equation for plane irrotational motion of an ideal com- 
pressible fluid. The relationship between the expansion factor 
and the pressure ratio across the orifice is represented by a slightly 
It cheeks with the ASME. values at the erttical- 
pressure ratio of 0.54, but is 0.5 per cent high at a pressure ratio ot 

The ASME values are admittedly the best straight line that 


eurved line. 


could be put through the avatlable data The actual experimen 
tal values fall on a curved line, but whether or not they coimeide 
with the theoretical curve will require further checking 

The theoretical solution was first obtained by Chaplygin ‘3 
The mathematics and the complete numerical calculations and 
discussions are in the w riter’s master’s thesis presented at the 


Stevens Institute of Technology in 1939. 


AcTHORS CLOSURE 
Mr. Berrian’s comments are appreciated, and it is hoped that 
sufficient data may some day be available to affirm the theoreti 
cal equations he mentioned. In the meantime, it is felt that the 
use of the ASMEO empirical equation will be satistactory for com- 
mercial flow measurement, 
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Measurement of Pulsating Flow With 
Propeller and Turbine-Type Meters 


By R. B. DOWDELL! anv A. H. LIDDLE, JR.,? PROVIDENCE, R ~~ 4 
@ 


Tests have been made on four different fluid meters 
under various conditions of unsteady flow. Results are 
presented, showing that in some cases accurate measure- 
ment of pulsating flow is possible. ; 


INTRODUCTION 


T has been proved conclusively, both by theory and experi- 
ment, that it is impossible to measure pulsating flow ac- 
curately with a differential-type flowmeter when pulsations 
are excessive.) 4® The suppression of pulsations in a pipe line, 
either by filters or surge tanks, is often unsatisfactory and may 
prove to be a large expense; thus a meter which will measure 
pulsating flow accurately has long been desired. The data pre- 
sented in this paper show that with the magnitude and frequency 
of pulsations tested, a propeller-type flowmeter will totalize ac- 
curately the flow of an incompressible fluid. The Shuntflo 
meter, a device which combines some of the features of a differen- 
tial-type meter and some of 

those of a propeller-type 


TEST METER 
PRESSURE RCKUP 


Fig. 1 ARRANGEMENT oF Test Equipment vor Testing 


PRESSURE 
THERMOMETER 


meter, though performing ac- / RATE SETTING 

curately under some condi- Cap wae PRES SURE 

tions, may produce readings Main f \ 

measuring a compressible pul- 0 PE INSULATED) 4 A 

sating flow. 2° SHUNTFLO METER \ 
Test Equipment and Proce- 

dure. Two different testing Jrorarinc cuner 

setups, one utilizing water as 

the working medium and th» 

other using steam, were used. »— FLOW—> fis 


of the hydraulic test 
ment while Fig. 2 shows the 
arrangement using steam. 


rrange- 


Hydraulic Test Equipment. 
All hydraulic tests were made 
at the hydraulics laboratory of 
the authors’ company. Fig. | 
shows that the flow from a 
fixed-head tank passed through 
a control gate valve before en- 
tering the straight run of pipe 
preceding the meter, This 
valve was wide open at all times during testing; thus all results 


! Research Engineer, Builders-Providence, Inc. Jun. ASME. 

> Research Engineer, Builders-Providence, Inc. 

3“ Basie Difficulties in Pulsating-Flow Metering,’ by A. R. Des- 
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COGLING WATER 
= INLET 


20 GALLON CORUM = 
CONDENSATE 


PLATFORW SCALE 


hic. 20 ARRANGEMENT OF Test FOR STEAM TesTING 


are for a meter operating under a constant total head. The 
6-in. test meters were preceded by a straight run of 52 in. of 6- 
in. pipe which, in turn, was preceded by a straight run of 53 in. 
of 8-in. pipe. These two sections of pipe were joined by an 
I1-in-long, S-in. 6-in, reducer. The S-in. meter was pre- 
ceded by a straight run of 94 in, of Sin. pipe. Two sets of 
straightening vanes were installed in the upstream end of the 
S-in. pipe te climinate the possibility of «a swirl following the el- 
bow. The 6-in. meters were followed by a 32-in. length of 
straight 6-in. pipe, while 12 in, of &-in. straight pipe and 20 in. of 
6-in. pipe followed the &-in. meter, tn both cases, this entered 
directly into the pulsation-producing loop. This loop consisted 
of (1) a straight-through section of 6-in. pipe which contained a 


continuously rotating 6-in. butterfly valve followed by a control 


T HEAD 
TANK 
6 PRE) | 
- 
| —FLOW 
(hs ON 
frome il — 
: ‘ 
Vo 


gate valve, and (2) a by-pass line containing a 6-in. gate valve. 
Pulsations were produced at a constant frequency by driving this 
rotating valve at a constant speed = The drive consisted of a 
chain and sprocket driven through a 48:1 reducing gear by a 2-hp 
1745-rpm induction motor, Following the loop, the flow passed 
to the discharge spout which could be rotated so that it emptied 
into the sump or into the volume-measuring tank. During a 
run, the flow was colleeted in this previously calibrated, 1000- 
gal tank, which was equipped with a vertical gage glass reading in 
tenths of an inch. Readmgs to the nearest 0.02 in. could be 
One tenth of an inch on the gage glass 


A minimum of 350 gal per test run 


minde by interpolation 
was equivalent to 1.77 gal. 
was established, 

The revolutions of the test-meter output spindle were measured 
on a combination dial and totalizing indicator. The smallest 
division on the dial was O.O1 revolution, permitting readings to 
0.005 This 
coupled to the meter spindle by suitable gearing which ineor- 


the nearest revolution. revolution counter) was 
porated a magnetic clutch, actuated by a mercury switch at- 
tached to the discharge spout. Thus the counter started and 
stopped automatically as the discharge spout was rotated. 

The flow time was measured by an eleetric timer which also 
was netuated by a mercury switeh mounted on the discharge 
pipe. The smallest division on the dial of the clock was 0.1 see, 
permitting readings to the nearest 0.05 sec. 

Immediately preceding the 6-in. test meter was a 12-@. length 
of straight pipe which contained an engine-indicator pressure 
pickup mounted on the top and «a diaphragm-actuated carbon- 
pile pressure pickup mounted on the bottom. These pickups 
were used to obtain the amplitude and wave shape of the pressure 
variations. When testing the 8-in. meter, this pipe section was 
installed downstream of the meter in the 6-in. pipe section. 

The meters used in the hydraulic test are shown in Figs. 3, 4, 


and 5. Fig. 3 is a 6-in. Propeloflo meter manufactured by the 


| 


Pic. 6-IN. Propetorto Merer 


authors’ company, having a flow range from So to GOO) gpm. 
hig shows an S-in. commercial propeller meter with a range 
from LOO to 1200 gpm. 
meter A 

Both of these are axial-type meters consisting of a hard-rubber 


This latter meter will be designated as 


helical-type propeller mounted on a shaft coincident with the 
The motion of the propeller is reduced through a 
The principal differ- 


pipe 
suitable gear train to the output spindle. 
ence between these two meters ts the converging diverging shape 
of the Propelodo meter in contrast to the straight pipe section and 
larger propeller of meter A 

The third meter tested and shown in Fig 
cial turbine-tvpe meter, having a range from SO to 1600 gpm 


5 is a 6-in, commer- 


Hereafter this meter will be designated as meter B. | Lt consists of 
two hard-rubber propellers, one having a right-hand and the 
other a left-hand helix, a vertical spindle. The 
incoming water is divided into two streams, one passing through 


mounted on 
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the upper propeller and the second stream passing through the 
lower propeller, The motion of the shaft is reduced through 
gears to the output spindle which normally drives a calibrated 
revolution counter registering in gallons. During these tests 
the meter counter was replaced by the same magnetie-clutch 
revolution counter, as used on the other meters. 

Hydraulic Vest Procedure. 
tests were run at three different pulse amplitudes and two dif- 


For each meter, after calibration, 
ferent pulse frequencies. The frequency was set by the gear 
ratio between the motor and the pulse valve, while the amplitude 
each 


maintained by adjusting the control valves. For 


amplitude and frequency, readings were taken over the entire 


wus 
rate of flow range obtainable. This flow range was limited by 
the piping arrangement and head available. 

At a given amplitude and frequeney, a run was first taken at 
the minimum flow rate by closing both control valves, and then 


Merren A, S-IN 


Torsine-Type Merer 


slowly Opening the one in the line of the pulse valve until the de- 
sired pulse amplitude was obtained on the indicator ahead of the 
test meter After equilibrium was obtained, the control lever 
was pulled, which, through a pulley arrangement, turned the dis- 
charge pipe so that it discharged into the volume tank, and at the 


same instant, setuated the timer and revolution counter by 


| 
| 
| 
— — 
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making contact in the mercury switches, At the end of a run, 
second lever was pulled, which returned the discharge pipe to its 
initial position of discharging into the sump, breaking contact in 
the mercury switches and stopping the timer and revolution 
counter, 

A point at a higher flowrate wasthenset by opening both valves 
simultaneously and then finally adjusting the control valve in 
the by-pass line until the correct amplitude was read on the in- 
dicator ahead of the meter, 

The maximum flow rate was obtained when the control valve 
in the line of the pulse valve was wide open and the by-pass con- 
trol valve was open just enough to give the desired pulse ampli- 
tude. 
pulse amplitude than at the higher. 


A greater range of flow rate could be obtained at the lower 
At least two sets of read- 
ings were taken at each valve setting. 

Indicator cards were made on a continuously rotating drum at 
each valve setting, and pictures of the wave shape were taken at 
the extremes of the flow range. 

Individual calibration runs were made using the same piping 
arrangement as that used for the pulsation tests, but with the 
butterfly valve stationary. 


SreaM Test 


Fig. 2 is a schematic sketch of the apparatus used for the 


steam tests. Steam flowed from the main line, through a 2-in 
gate valve, into a straight run of 2-in. pipe. A diaphragm-ac- 
tuated pressure regulator was located 10 in. downstream from the 
gate valve. A butterfly valve (free to rotate 360 deg) was in- 
stalled in the °/.-in. supply line to the diaphragm, and a bleed 
valve, opening to the atmosphere, was placed between the butter- 
fly valve and the diaphragm, The butterfly valve was rotated 
by a chain and sprocket driven through a variable-speed trans- 
mission by a '/y-hp capacitor motor. 
another butterfly valve was placed in the 2-in. line, 7 in. down- 


stream from the junction of the regulator supply line and the 


For one particular run, 


2-in. pipe, and was rotated by a chain and sprocket driven directly 
by a '/-hp capacitor motor, Twenty-seven inches farther down- 
stream, a mounting was provided for the steam-engine indicator 
and the diaphragm-actuated carbon-pile pickup. 

\ bourdon-tube pressure gage, previously calibrated on a 
located 8 this 
mounting and was followed directly by « mercury-in-glass ther- 
The the 


was 2 deg F which allowed readings to the nearest 


dead-weight tester, was in. downstream from 


mometer, smallest. division thermometer scale 


300 F) 
0.5 deg F, while the pressure-gage dial was divided into 1-psi 


on 


intervals permitting readings to O.1 psi. 

A straight run of unobstructed 2-in, pipe, equivalent to 13 diam, 
was provided between the thermometer and the Shuntflo meter, 
and a straight run of 10 diam followed the meter. 

All steam piping was well insulated with at least 1 in. of ashes- 
tos Insulation. 

The rate of flow of steam was controlled by a 2-in. globe valve 
located between the meter and the condenser. 

The condensate was collected in a 20-gal barre! mounted on a 
1000-lb-capscity platform scale. The smallest division on the 
beam of the seale was '/, lb, and readings could be made to the 
The seale was calibrated by using test weights, 
«lb 
\ test run could be started and stopped within 0.005 revolu- 


nearest '/i¢ Tb. 
and it was found to be sensitive to ! 


tion of the large dial hand of the meter, the smallest division on 
The smallest division on the 
stop watch used was 0.1 sec, but it could be read to 0.05 sec 


this dial being 0.01 revolution. 


When operating under steady-flow conditions, the flow of 
steam to be metered passes through the body of the meter as 
shown in Fig. 6. The differential pressure created by the orifice 


causes a portion of the flow to pass upward through the nozzles 


PROPI 


LLER AND TURBINE-TYPE METERS 


a, 


and impinge on the driving fan. This portion continues through 
the shunt passage and rejoins the main flow betore the meter 
outlet. 


proportional to the rate of flow by the action of the damping fan 


The rotation of the fan shaft is controlled to a speed 
which rotates in water in the damping chamber. The portion 
of the flow which is shunted through the driving fan is propor- 
tional to the total flow at all rates within the normal range of the 
meter; thus the speed of the fan shaft is a measure of the total 
flow. The speed of the fan shaft is reduced by suitable gearing 
in the damping liquid chamber, and final drive to the exterior 
counter is through miagnetic coupling. 

The Shuntflo meter tested had been shop-ealibrated for spe 
cific steam conditions (dry saturated steam at 12 psig) and, there- 
fore, readings had to be corrected for variations from these condi- 
tions Correction factors, ratios of the square roots of the spe- 
cific volume of steam at calibrated conditions to the specihie vol- 
ume of steam at operating conditions, were obtained by using the 
“correction calculator,” a slide rule supplied by the manufacturer 

The meter counter had been geared so that one revolution of 
the large dial hand was equivalent to 6.17 Ib per hr of dry satu- 
rated steam at 12 psig passing through the meter. The rated 
maximum capacity of the meter was 296 Tb per br. 

Steam Test Procedure. the 


psig and was approximately 2 cent 


main was uf 
The 2-in 


valve was maintained wide open during the test runs, and the 


Steam oi 


per moist gate 


various rates of flow were set by adjusting the 2-in. globe valve 
the 
regulator was adjusted to maintain 


downstream of meter, Before each test run the pressure 


an “average’” pressure of 
approximately 12 psig as measured at the pressure gage and as 


steam at the same average pressure was obtaimed in the test 


explained below throttling in this manner, superheated 


line at all times. 
Pulsating flow was obtained by rotating the butterfly valve 


Bs 


100 


in the #/,-in. supply line to the diaphragm of the pressure regu-— 


lator. When the rotating butterfly was in the closed position, 


the steam supply to the diaphragm was cut off The regulator 
valve then opened since the pressure of the steam acting on the 
diaphragm was relieved through the bleed. Accordingly, when 
the butterfly reassumed its Open position, the steam pressure ite 


creased, closing the regulator valve. This opening and elosing of 
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REGISTRATION 


PERCENT 


BUTTERFLY FREQUENCY (25PU SES / MIN ) 


PERCENT OF RATED FLOW 


16 Pupsation Tests—2-Ix. SHuNTELO METER 


Ampuirupe, 200 Cem, 100 Per Cent Flow 


the pressure-regulator valve set up pulses in the steam flow, the 
frequency and amplitude of which could be controlled easily. 
The frequency of the pulses was set by adjusting the variable 
speed transmission. The amplitude of the pulses was set by 
adjusting the bleed valve, using the steam-engine indicator to 
measure the magnitude. 

The second rotating butterfly valve (2 in.) was used during 
one of the runs to see what effect simultaneous pulsations of ex- 
tremely different frequencies would have on the meter accuracy. 

A test run consisted of 10 revolutions of the large dial hand of 
the Shuntflo meter counter. After the rate, amplitude, and fre- 
quency were set, an equalizing period of 10 min duration was 
permitted. A run was started by swinging the flexible tubing 
(about 2 in. movement of end of tubing was required) over the 
weighing barrel, thereby directing the flow of condensate into the 
barrel. This was done when the position of the large dial hand 
coincided with the zero graduation on the counter dial. To end 
the run, the foregoing procedure was reversed. The stop watch 


Ameuitupe, 200 Cp, 
Rate 
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2°SHUNTFLO METER 
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PERCENT 
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was started and stopped simultaneously 
with the actions described, 

The weighing barrel was filled initially 
with 50 or 60 Ib of cold water and the 
weight recorded, During the test run the 
nd of the flexible tubing hung about '/; 
in, above the bottom of the barrel so that 
the end was always well submerged in 
water, Losses due to evaporation were 
hecked and found to be negligible. At 
the end of the run the gross weight was 
recorded, 

During the run the pressure, tempera- 
ture, and amplitude were cheeked con- 


10 Per Cent 
tinuously and average values recorded as 
It might be well to state that for the pulsating-flow runs, 
the average pressure was determined by noting the extreme posi- 
tions of the fluctuations of the pressure-gage hand caused by 
the pulsations and taking the mid-point as the average value. 
The per cent error was calculated by subtracting algebraically 
the net weight (pounds) of the collected condensate from the 
corrected meter registration (pounds) and expressing this value 
as a percentage of the net weight of the collected condensate 


data. 


The per cent error was added algebraicaily to 100 per cent to ob- 
tain per cent registration. 


Test Resuits 


The results of the hydraulic tests are shown in Figs. 7 to 15, 
inclusive, and the results of the steam tests are shown in Figs, 16 
and 17. Figs. 7,8, and 9 are the calibration runs of the hydraulic 
tests, while Figs. 16 and 17 show the calibration of the Shuntflo 
meter, 

Hydraulie 44.15 gal per 


Test Results. Meter constants of 
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revolution of the meter-output spindle for the Propeloflo, 70.7 
gal per revolution for meter A, and 326.6 gal per revolution for 
meter B were determined from their calibration curve and used to 
caleulate the per cent registration 

Figs. 10, 11, and 12 give the results of 5, 10, and 15 psi, respec- 
tively, pressure pulses at a frequency of 132.5 eyeles per min 
(cpm Rach point lies within 2 per cent of the true flow through 
the meter, and the spread of points is similar to that obtained 
This same statement holds for the tests at a lower 
Figs. 18 


inclusive, show typical wave shapes obtained from photo- 


with no pulse 
frequency of 39.5 ¢pm, as shown in Figs. 13, 14, and 15. 
to 22, 
graphs of the oscilloscope for these tests. The only conclusion 
that can be drawn from these plots is that in the range of flow 
tested, the propeller meter will totalize accurately the flow of a 
pulsating incompressible fluid when the pulsations are similar 
in amplitude, frequeney, and form to those produced for this 
test 

It is quite possible that under certain frequencies of pulsations, 
resonance nay occur and may lead to large errors in flow readings. 
Factors influencing the motionof the propellerare (1) the combined 
moment of inertia of the propeller and its gears, (2) the frequency 
and shape of the foreed pulsations, (3) the frictional resistance of 
the propeller and gears, and (4) the instantaneous torque applied 
to the propeller by the fluid. This last factor depends upon the 
form of the flow variation, the speed of the propeller, and the 
average flow rate. Thus the propeller speed and the totalizing 
accuracy will depend on these variables. A complete test pro- 
gram would require a large number of tests covering a wide band 
of frequencies and pulsation amplitudes under various wave forms 
and with vartous propellers, An analytical investigation of this 


problem is under way, but no solution has been found at 


this time. However, the results show some of the amplitudes, 
frequencies, and wave forms of pulsations under which it is pos- 
sible to obtain accurate measurements of pulsating flow.® 

Steam Test Results. Results for the tests of the Shuntflo meter 
givenin Figs. 16and 17, show that large errors are encountered at 
both the lower and the upper extremities of the flow range. The 
reason for the inability of the Shuntflo meter to totalize accurately 
the pulsating flow may lie in the fact that the quantity of flow 
shunted through the propeller depends roughly upon the dif- 
ferential across the orifice. For steady flow, in order that the 
meter may read aecurately, the quantity of flow through the pro- 
peller must be direetly proportional to the flow through the 
main body of the meter. Since this shunted flow depends upon 
the pressure drop across the orifice, In unsteady flow it is not 
Rathe 


it will depend upon the unsteady-flow terms in the basic energy 


likely to be proportional to the flow through the orifice 


equation and the distortion of the pressure variations as they 
pass through the orifice.’ 
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Discussion 


The authors’ approach to the measurement of 
pulsating flow indicates that at least a certain portion of pulsating- 
flow instances can be measured with good accuracy by properly 
designed turbine-type-meter installations. They do not claim 
applicability of their results bevond the scope of their investiga- 
tion, and, in fact, indicate some of the possible limitations of the 
turbine-type meter. It is this writer’s sincere hope that this 
valuable work be continued to determine the range of applicability 
of these meters to pulsating flow and their limitations. 

While the inertia of a well-designed rotor can be kept low, it has 
a finite value which will limit its frequency response, and it would 
be of interest to know what these limits are for typical commercial 
meters, 

Assuming that the pulsating flow to be measured has only fre- 
quency components below this limit, and the meter requires negli- 
gible torque, its rotational speed will always be proportional to the 
volume flow rate at the meter, V2 It would appear that anydamp- 
ing or friction introduced into the meter would reduce its accuracy 
and this seems borne out by the results of test on the ®huntflo 
meter (see Figs. 6, 16, and 17 of the paper) although these figures 
also include the effects of gas flow. 

In pulsating gas flow the effeet of density variations with pres- 
sure may become important, which was well pointed out by Hall,’ 
and in that case even the ideal meter will indicate only the local 
volume flow rate V, while the actual meter will respond in vary- 
ing degrees not only to changes in V but also to dynamic pressure 
pV?, and thus gives results whose error depends on the absolute 
value of Vas well as the amplitude of the pressure pulses 

Unfortunately, cases that require measurement of pulsating gus 
flow are much more frequent than those of liquid flow, at least in 


the petroloum and natural-gas industries, and, unless these pulsa- 
tion amplitudes are reduced to certain allowable maxima, errone- 
ous flow readings are likely to result with turbine-type meters as 
well as the usual inferential flowmeters. 


A. R. Descuere.'® The authors appear to have done a 
thorough and ingenious job of testing their equipment. The 
results of their work seem to be in at least qualitative agreement 
with the basic theory underlying the metering of pulsating flow. 

Time rate of change of velocity and of density are the two 
factors which influence the metering of pulsating fluids by meth- 
ods designed primarily for steady flow. For incompressible 
fluids, the density variation will be negligible, leaving only the ve- 
locity variations with time to influence the meter. Since these 
velocity variations will be accompanied by pressure surges pro- 
portional to the accelerations and decelerations, these influences 
should essentially cancel in a fluctuating flow, thus permitting a 
turbine-ty pe instrument to give a satisfactory cumulative reading. 

For compressible flow, the variations of velocity and density 
act ina nonlinear manner so that neither the instantaneous nor 
cumulative response could be expected to be correct for units of 
Although 
some of this error in the Shuntflo instrument may arise from the 


this type in the general case of violent fluetuations. 


influence of the orifice in the main line, the writer questions 
whether the propeller meter totalizes correctly the pulsating flow 
passing direetly through it under conditions of severe pulsations 

Heap.'! The rotating butterfly valve may prove a useful 

* Shell Development Company, Emeryville, Calif Jun. ASME 

*“Oritice and Flow Coefficients in Pulsating Flow,” by Newman 
Hall, Trans. ASME, vol. 74, 1952, p. 925 

"Chief, Rocket Development Section, Rohm and Haas Company 
Huntsville, Ala. Mem. ASMI 

"Director of Hydraulic Research, Fischer & Porter Company, 
Hatboro, Pa. Jun. ASME. 
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device for many who wish to study pulsation in the laboratory. 
However, in further work anticipated by the authors, it should 
be borne in mind that line ‘pressure’ fluctuations are not a 
measure of “flow pulsation.”’ Considerable doubt exists as to 
whether those tests conducted with water really did have ‘‘ex- 
cessive’ flow pulsation from the viewpoint of flow-measurement 
accuracy with any type of flowmeter. When wave lengths are 
much greater than the entire lengths of pipe involved, it is reasona- 
ble to suppose that a fully damped inferential meter of the varia- 
ble-head or variable-area type will indicate the rms flow value, 
and that the difference between rms flow and average flow 
will be the “error” due to pulsating flow. 

Arbitrary guesswork after a glance at the test setup, Fig. 1 of 
the paper, suggests that some 700 Ib of water may be contained 
between the head tank and the pressure pickup, and if peak-to- 
peak pressure fluctuations of 15 psi at 132.5 epm were caused 
entirely by the oscillation of the mass of water, the flow amplitude 
would not execed plus and minus 60 gmp, Since some of the pres- 
sure variation would be associated with variable drop across the 
upstream control valve, the actual flow variation would be some- 
what less. Had the pressure pickup been located closer to the 
head tank, even though the same flow amplitude existed through- 
out the pipe, the pressure fluctuations would have been reduced 
correspondingly. Now consider the tests on “meter A,’’ where 
some effects are discernible at low flow. At 20 per cent and 40 
per cent of the rated flow of this meter. or 240 or 480 gpm, a super- 
imposed flow pulsation of plus and minus 60 gpm would pro- 
duce differences between rms and average flow of 1.5 per cent and 
0.4 per cent, respectively, which are almost precisely the errors 
shown between Fig. 8 and Fig. 11 of the paper 

At the higher rates covered by most of these tests, the flow 
pulsations would have quite negligible effeets on any type of 
flowmeter. The further complexity of the manner in which pres- 
sure fluctuations must depend upon frequency and valve settings 
accentuates the need for flow pulsation evaluation. A hot- 
wire anemometer or electromagnetic flowmeter would be helpful 
I.ven a mechanical pulsometer connected differentially across a 
valve, with peak readings compared with steady readings at the 
same average flow and valve setting might be helpful. The fal- 
lacy of using line-pressure fluctuations has been brought home re- 
peatedly to the writer, who has observed that some methods of 
decreasing flow pulsations and suceessfully eliminating inferential 
meter errors in liquid flow may be accompanied by increase in 
line-pressure fluctuations at the meter location 
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The authors wish to thank Messrs. Chilton, Deschere, and Head 
for their generous comments and will attempt to discuss some of 
the points mentioned by them. Hof¥ever, in the following closure 
more questions are asked than are answered 

Hope is expressed by the authors, along with Dr. Chilton, that 
this work be continued until definite limits are established within 
which the accurate measurement of unsteady flow with a propeller- 
type meter is possible. However, it is their opinion that the re- 
duction of the problem to one of determining the upper limit of 
frequency response is an oversimplification. the average of 
the rotor velocity over a complete cycle which will indicate the 
flow and it is therefore quite possible, even with a poor fre- 
quency response, that this average of the rotor will give a good 
Indiestion of the mean flow 

The question of the effect of damping further complicates the 
problem. Of course, some damping Was present in all tests which 
were made. It is quite likely that a small amount of damping 
can be considered to have a linear effect, while any appreciable 
damping would set in a nonlinear manner, and thus increase the 


error, 


PROPELLER 


AND TURBINE-TYPE METERS 7 


At present, a solution to the problem of measuring a com- 
pressible pulsating flow may be more urgent than that of the in- 
compressible problem, not only in the petroleum and natural-geas 
industries, but innumerable other industries also. However, a 
solution to the problem in the incompressible case is often the first 
step in the solution of the compressible case. As Mr. Desehere 
mentioned, the compressible ease will have nonlinear effects 
entering due to the variations of density along with the velocity 
However, if the damping also acts in a nonlinear manner, it is too 
much for man’s poor mind to foresee the result without a solu- 
tion to the proper dynamical equations. [It is quite likely that 
there are combinations of the various variables such as pulse 
amplitude, frequency, wave shape, propeller inertia, and damping 
which will give accurate results for a pulsating compressible 
fluid. The problem at hand is to determine these combinations 
Mr. Head's suggestion that the flow variations should be 
measured rather than the pressure variations, received a great 
deal of thought before the test program was undertaken. The 
authors could find no satisfactory method to measure these flow 
variations. If a practical method Were available, the complete 
test program would have been unnecessary. The hot-wire 
anemometer and the electromagnetic flowmeter mentioned by 
Mr. Head have serious drawbacks for this type of application 
The flow pulsation and the pressure pulsation are adequately 
related by the application of the unsteady continuity and energy 
equations found in many standard texts and given also in ref- 
erence (3). In most cases this relation cannot be solved explicitly, 
but yet it is known toexist. It is not too dificult, under field con- 
ditions, to obtain the pressure variation. Tf the magnitude of the 
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error When measuring 4 pulsating flow can be related to the pres- 
sure variation rather than the flow variation, then a more usable 
solution to the problem will have been found 

The authors must commend Mr. Head on his arbitrary guess 
work. This guesswork prompted an attempt by the authors to 
caleulate the magnitude of the error which would have been ob- 
tained had a differential producer been used under the same flow 
conditions as existed during these tests 

The application of the unsteady continuity, and Bernoulli's 
equations to the system used for the propeller tests with a length 
of uniform pipe between the meter and the head tank lead to the 
following two equations 
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when a flow variation of the form Wo = Wy, + Wy sin wt is assumed 


E error in differential producing device — 
amplitude of flow variation 
mean or average flow 
cross section area of pipe 
local acceleration of gravity 
amplitude of the pressure pulse 
circular frequency of the pulsation 
length of upstream piping taken as 50 ft. 
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t = time 


Fig. 23 shows the magnitude of error which would have been 
present in a differential producer when operating under the same 
conditions as existed when testing the propeller meters with 15- 
psi pulse amplitude. As can be seen, some of the tests were made 
in regions where a damped differential producer would have given 
a satisfactory indication of the flow; bowever, throughout a con- 
siderable part of the range a differential producer would have 
given a large error in the flow indication. 

Again, the authors wish to thank those who have shown an in- 
terest in this work, and express the hope that it will be carried toa 
successful conclusion 
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The Pitot- Venturi Flow E Element 
Water Service Report 


By H. W. STOLL, 


The first paper by the author? presented in detail the 
design characteristics of the pitot-venturi flow element 
Tests clearly 


and how they are influenced by air flow. 
show that liquid-flow performance cannot be predicted 
from air-flow runs and, instead, actual liquid-flow condi- 
tions are required to establish a dependable relationship 
The test set- 
Four- 


between velocity and differential produced. 
up and the instrumentation needs are described. 
inch and six-inch pipe were used and the performance 
Flow equations are in- 


curves for these are discussed. 


cluded and a brief analysis of them is given. 


N an earlier paper? on the pitot-venturi flow element, infor- 
mation was presented which deseribed this type of primary 
element and showed the influence of design features on per- 
installation 


In determining these characteristics air flowing 


rmance. Flow equations and information also 


were included. 
at 14.7 psia at 75 F was used 
ciated with this type of flow element is relatively small and, con- 
the extension of its application in the field of liquid- 


The over-all metering loss asse- 


sequently, 
flow measurement in closed channels appeared to be of value 
According!y, a fellowship was established at the University of 
Rochester to investigate this type of measurement. This re- 
sulted in a thesis? which treated the entire problem in a very 
detailed fashion. This report indicated that it would be worth- 
while to pursue the project at greater length. The of 
this second paper is to report performance information using 
water as the flowing material. Also included is a further 
on the velocity-differential equations with this ele- 
1 shows the element and Fig. 2 is 


purpose 
analysis 


ment. Fig 
drawing of it. 


CTOSS-section: al 
Tesr 
All tests were run using the facilities of the hydraulics labors- 
tory of the University of Rochester. The general features of the 
setup are shown in Fig. 3. As shown, 
gal pump delivered water to the metering section through a 
hand-operated flow-control valve located 
stream from the pump. A vertical loop located at the discharge 
point was provided to insure that the 
always filled with water. A swivel-type connection 
cluded so that out-flow water could be diverted to and from the 
The initial using 4-in 
Later, when the 6-in. pipe runs were made, 


the motor-driven centrifu- 


immediately down- 


metering section was 
also was in- 
weigh tank testing was done pipe 
throughout. 
tion of 4-in. pipe was replaced by a 20-diam length of 6-in. pipe. 


' Application Engineering Department, Taylor Instrument Com- 
panies. Mem. ASME, 

2 “Pitot-Venturi Flow Element,” by H. W. Stoll, 
plied Mechanics, Trans. ASME, vol. 73, 1951, p. 963 

3 Master's thesis by Edward H. Carmen, University of Rochester 
Hydraulic Laboratory, Rochester, N. Y., 1952. 

Contributed by the Research Committee on Fluid Meters and pre- 
sented at the Annual Meeting, New York, N. Y., November 30 
December 5, 1952, of THe AMERICAN Soctrety MECHANICAL 
ENGINEERS. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of eet Society. Manuscript received at ASME Headquarters, Jan- 
uary 5, 1953. 


Journal of 


OF 


ROCHESTER, N. Y. 


Mast 


Support Calibrating Ring 


tic Pressure Hole 


Packing Gland 


= 


Flow 
Indicator 


High Pressure 
Connection 


Low Pressure 
Connection 


PirorT-VENTURI Fiow LEMENT 


Calibrating Ring 


\ 


Outer Venturi 


Venturi 


High Pressure 


Low Pressure 


Pic. Cross Section or Prror-Venturt Fiow ELement 

In both runs, the pitot-venturi flow element was supported by 
the pipe wall, as shown in Fig. 4. Care 
mize as much as possible any source of local disturbance and for 
this reason no surface discontinuity was permitted at the opening 
in the pipe through which the pitot-venturi element was inserted 


was exercised to mini- 


The metering run also was equipped with pressure taps immedi- 


ately upstream and downstream from the element so that the 
pressure drop at various velocities as a result of the presence of 
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Fig. 3) Water Tesi 


Low Pressure 


High Pressure 


Pitot— Venturi 
j Flow Element 


Suppor? Plate 
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the element could be mensured A pitot tube was installed in 
the pipe run oat a point 20 upstream from the pitet- 
venturi element to determine the differential pressure-gain rela- 
tionship as a funetion of velocity 

Bellows-type differential-pressure-measuring instruments were 
used throughout, because of their relatively high-speed response 
The cubic-inch volume exehange per per cent of pen travel was 


DAMPING UNITS 


DIFFERENTIAL 
PRESSURE 
RECORDERS 


ror Prror-VENTURI 


CU IN PER SEC 


Drop Versus Flow Rate INNER 


THroat or Prrot-VENTURI 


PRESSURE 


0.01, and the time constant of the instrument under water-filled 
conditions was 0.78 see (for clarity, time constant is defined as the 
number of seconds required for 63.2 per cent of the change to take 
place), The entrance into the low-pressure piezometer chamber 
of the inner venturi consisted of a narrow annular slit: approxi- 
mately 0.037-in. wide. The high-pressure tap consisted of a 0.25- 
in-diam hole drilled into the upstream face of the mast. Any 
tendency, therefore, to reduce the response rate of the measuring 
system results from the resistance to flow through the low-pres- 
sure line. Fig. 5 graphieally illustrates flow from the high-pres- 
sure side into the low-pressure side for various differentials de- 
veloped by the pitot-venturi in water service, The maximum 
flow-rate of water to the manometer because of its bellows motion 
From Fig. 5 it is seen that this rate would 
There- 
fore it appears that the chart records obtained using this type of 
manometer refleet quite closely the differential pressure developed 


is 0.93 cu in. per see 
cause a very large pressure drop in the measuring circuit 


across the pressure taps of the pitot venturi element, 
It is noted from an analysis of the rate of differential-pressure 
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STOLL —-THE PITOT-VENTURI FLOW 
change obtained using « high-speed chart drive, that the instan- 
taneous flow rate of fluid between the manometer and the pitot- 
This means that the 
possessed both frequency and amplitude which 


venturi element equals 0.92 cu in. per sec 
fluid 
utilized the full speed-of-response characteristic of the manometer, 


“noise” 


Uxpamrep Firow Recorps 


Undamped flow records in 6-in. and 4-in. pipes are shown in 
Figs. 6(a through d). The manometer range is 50 in. of water. 
It is clear that the fluid noise in the 6-in. pipe, even under lower- 
velocity conditions, appeared appreciably more pronounced than 
in the 4-in. line, and this is attributed to the reduced damping 
The 


influence which resulted as the pips size was increased 


12 
WOON 


\\\\ 


\ 


\\ 


= 


4-in pipe: 
fps; l-rph clock 


(a 4-in. pipe; (hb) 
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author has observed performance in 20-in, pipe, and the “band 
width” exceeded that shown in the 6-in. pipe under equal-velocity 
conditions. The actual symmetry 
whatsoever, and to illustrate this, | revolution per hr chart clocks 


pen motion possesses no 
were replaced with 4 revolution per hr clocks, and 6-in. pipe flow 
records, as shown in Figs. 7(a and 6), were obtained, 

From an industrial as well as from a calibrating viewpoint, it is 
desirable to have a legible record using a circular chart whose ro- 
tation is L revolution per day, or a strip chart having a speed of 
lin. per hr. One way of achieving this is to increase the time 
constant of the measuring cireuit by the addition of correctly 
designed resistances. The term “correctly designed” is used be- 
cause it is of utmost importance that these resistances exhibit 
similar time constants regardless of direction of flow through 
them. Any tendeney toward shifting as a funetion of direction 
will preve at the record from being a representative average of the 
Imposed pressure Wave, 

It is the author's belief that the test conditions encountered are 
representative of field conditions. Therefore a detailed analysis 
of the chart record. such as Fig. 70a), iv justified in determining 
the magnitude of a fluid-flow resistance (or pulsation-damping 
to be loeated in the differential- 
The first step was to superimpose a 


device as it is commonly called 
pressure-measuring circuit 


smooth curve which could be considered as an instantaneous 


average of the chart record. Assuming that a 0.5 per cent of 
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maximum chart travel was an acceptable amplitude of the de- 
sired record, it was found that the pressure wave required an 
amplitude reduction to '/; of its former value, which meant that 
the time constant of the system had to be increased by a factor of 
7. Accordingly, flow resistances in the form of multiple-orifice 
units, Fig. 8, were added to provide a time constant which was 7 
times the initial \ typical flow record with damping 
units located in both lines to the manometer is shown in Fig. 9 
The ‘“come-up” curve for «a step change in flow rate, before and 
after making the time-constant change through the addition of 


value, 


damping units, is shown in Fig. 10 
For performance similar to that shown, the time constant of 


the measuring circuit should be 21 see. The addition of a trans- 


pipe; (d) 6-in 


l-rph clock 


(ec) 6-in 
3.29 Ips; 


pipe; 
5 73 fps; 


ph clock 


Unpampep Kecorps 


(a) th) Hein 


5.38 7 5-rph clock 


pape 
fps; 7.5-rph clock 

ANALYSIS 


big. 7) Cuant-Reconp 


=ta 


972 "TRANSACTIONS OF THE ASME . JULY, 1953 


SPRING LOOP ; « - mission length between the pitot-venturi and the manometer, as 
OF CLEANING a @e- well as using a manometer with an adjustable response rate (for 
roo . Ce fra example, a mercury manometer with its damping valve) lengthens 

7 Jar ao _-<.-’* the time constant of the measuring circuit and reduces the im- 

‘ Lom wie? portance of the added flow resistors. 

In finding the relationship between velocity and differential 
SCREEN . ied pressure produced for the pitot-venturi flow element, the manual 
; flow-control valve was adjusted to provide various readings on 
the recording manometer, and the transfer rates were determined 


‘ F using the weigh tank and stop watch. At the same time, pitot- 
tube readings also were recorded with the tin. pipe runs oniy 
Se hd j It is important to mention that all of the 4-in-pipe performance 
, z : data were obtained under close-coupled conditions with no ad- 
justment of the time constant to reduce the noise amplitude 
On the other hand, all of the 6-in. pipe observations were made 
under “damped’’ conditions. In both the 4-in. and 6-in-pipe 
runs, the pitot-venturi was located so that its center line coin- 
cided with the pipe center line. Tests revealed that the differen- 
tial pressure increased as the unit was deflected more than 5 deg 
from the longitudinal axis of the pipe. However, an angular 
motion of less than 5 deg each side of center was ineffective in so 
far as the differential pressure was concerned. 
The calibrating ring provided a means for varying the dif- 
ferential pressure produced for a given velocity throughput 
Fig. 11 shows velocity versus differential pressure for various 
calibrating-ring positions in 4-in. and 6-in. pipe. Note that by 
plotting the results on log-log paper, a close approximation to a 
straight line results. In the previous paper,? this particular 
‘ phase on graphic presentation and flow-equation derivation was 
ORIFICE . Fic.9 Typicat Fiow Recorp treated in some detail and, therefore, will not be repeated here 
CuPS Wirth Damping Units Suffice it to say that the liquid equation taken from the earlier 
(Cin, pipe, 5.48 fps; 7.5-rph clock) naner and repeated herewith continues to apply 
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2.448)? 
(gpm at 60 F) = K,, (gf (5.362h )" 


SCREEN 


where 


= velocity at flowing conditions, fps 

= pitot-venturi flow coefficient (adapted form) 

= pitot-venturi differential pressure, in. of water 

= differential-pressure exponent (established by tests) — 
= specific gravity of liquid at base 60 F, water = 1 —" 


RIFLE e-T 
= specific gravity of liquid at flowing conditions, water = 1 


Damping Unit 
D = inside pipe diameter, in. 

The slope of the curve on log-log paper is equal to the exponent 
n. Examination of Fig. 11 reveals a change in slope with a change 
in pipe size even though no change in the element has been made. 
Consequently, it is concluded that n to some extent is a function 
of pipe size. Reflecting again on a single experience in a 20-in. 
line, very close agreement was obtained with 6-in-line perform- 
ance, revealing that the pipe-line influence diminishes quickly 
from a 6-in. size on upward, The variation of n with ring posi- 
tion is shown in Figs. 12 and 13 for the two pipe sizes involved. 
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INTERPRETATION OF Test Data 


€ It should be mentioned again that the basic information col- 
lected was ‘‘in. of water” differential versus lb per sec of flowing 
water. As an aid in comparing performance in various sizes of 
pipe, the mass rate of transfer first was converted to equivalent 
volume rate of transfer. Then, by combining pipe cross-sec- 
tional area with this latter figure, velocity was obtained. This 
velocity is an average value taken over the entire pipe cross-sec- 
It is not the average velocity across a plane which 


OF FERENTIAL PRESSURE (INCHES WATER ) 


bia Sreep oF Response ror Dampep anp 
FERENTIAL-PReSSURE-MEASURING CIRCUIT tional area. 


3 
hia, 
re 
= 
30 
} 
20} | 
| 
TIME (SECONDS) 
_ 
4 


STOLL —-THE PITOT-VENTURIL FLOW ELEMENT WATER SERVICE REPORT 


8 


fo} 


OF FERENTIAL PRESSURE RATIO 


8 
i 


of through it decreases, 
which means that the dif- 


ferential pressure thus de- 


veloped is larger than that 
corresponding to the aver- 
This 
tendency explains why n is 
less than the ideal 0.500, 
for the denominator of the 
foregoing defining ratio in- 
percentage- 


age velocity change. 


creases faster 
than does the num- 
The calibrating 


wise 


erator. 
ring offers resistance to the 
outside flow and hence its 
position also influences n, 


In determining the posi- 


14 
DIrFERENTIAL Pressure-VELocITy CURVES 


FOR Various Ring Posirions 


Fig. 11 


Ratio or Prrot-Ventrurt Dirrer- 
ENTIAL TO Prrot-TUBE DirrERENTIAL VERSUS 
VeLociry 4-IN. Pipe 


3 4 
tion of the calibrating ring, 
tests are first run in a wind 
tunnel and the ring is set to 
provide a differential pres- 
sure of 16 in. of water with 
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air flowing at a velocity of 
5000 fpm at 14.7 psia and 
70 F. The pitot-venturi 
element then is inserted in 
a 6-in. water line and its 
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performance observed, A 
‘ealibration curve is issued 


+ 


RING POSITION (INCHES) 


OM FERENTIAL PRESSURE RATIO 


Ring Position on 
Pire 


NENTIAL VERSUS 
1T-VENTURI IN 4-IN 


relating average upstream 
velocity or flow rate versus 
differential produced, Be- 
cause of dimensional and 


Sees 


surface variations, each ele- 
be calibrated 
Furthermore, 


ment must 
individually. 
since the differential expon- 


ent differs from 0.500, the 


Fig. 15 
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on IN 6-IN. Pipe 
includes the pitot-venturi. For this reason, similar velocities 
appear to produce greater differential pressures as pipe size de- 
creases when actually this is due to the greater-percentage area 
The 
estimated cross-sectional area of the element is 2.63 sq in. This 
amounts to 20.7 per cent of 4-in-pipe area and 9.2 per cent of 6- 
In-pipe area. 


which the pitot-venturi occupies as the pipe size is reduced, 


Were the pitot-venturi functioning in ideal fashion, the value 
of n would be 0.500. Instead, its value is close to 0.430. By 
definition, n is equal to the difference in logarithm of upstream 
average velocity divided by the difference in logarithm of the 
corresponding differential pressures. As the velocity of fluid is 
increased, its willingness to flow around the pitot-venturi instead 
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square-root chart as well as 
the square-root: integrator 
and planimeter will be in 
error unless modified in de- 
sign. If the flows vary by 
no more than plus or minus 
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In 6-IN. Pipe 


10 per cent of maximum, a manometer range can be selected 
which in turn will position the normal flow so that it will agree 
with the printed values on a square-root chart or scale, The 
difference between the differential exponent and the square-root 
exponent of 0.500 will determine the error in readings as the 
flow deviates from the normal value. 

There apparently is no correlation between performance charac- 
teristics of the pitot-venturi when air data are compared with 
water data. Table 1 lists air and water performance data. 


PITOT-VENTUREL PERFORMANCE 
DATA 

Air : Water 

404 

375 


TABLE 1 COMPARISON Of} 


Though not of too much significance, it is interesting to ob- 
serve the variation of gain which the pitot-venturi exhibits rela- 
tive to a pitot tube as a function of velocity. This is shown in 
Figs. 14 and 15 for the 4-in. and 6-in. pipe used. 
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TRANSACTIONS 


CONCLUSION 

1 The differential pressure as developed by the pitot-venturi 
flow clement is subject to continual variation when used in liquid- 
filled lines in which there is a centrifugal pump or equivalent, 
even though the flow is considered steady and, therefore, the time 
constant of the measuring system is very important. An over-all 
value of 21 see is recommended 

2) Bellows-type or force-balance type of differential-pressure 
instruments are suggested because of response rate and low vol- 
ume change per per cent differential-change characteristics. 

3 Based on performance data using 4-in., 6-in., and 20-in. 
pipe, it is fairly well established that 6-in. line tests are representa- 
tive 

1 Liquid-flow characteristics are such that average pipe veloc- 
ity plotted against pitot-venturi differential on log-log paper 
gives a straight-line relationship 

5 Mach pitot-ventari flow element must be calibrated indi- 
vidually. 

6 Data obtained do not treat velocity of fluid through the 
inner venturi throat, but instead give an average value taken over 
the entire pipe cross section, 

7 No standardizing procedure in water service has been de- 
termined whereby the ring position can be established. In- 
stead, a wind-tunnel test is made and the ring is set to produce 
specific air-flow performance, 
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AppENDUM 


The velocity versus differential-pressure equations includes two 
Whenever 
Instead, 


variables n and A, which are determined from tests. 
n differs from .500, A, is not a dimensionless number 
it becomes dependent on velocity, differential and density to the 
extent that it isa funetion of the difference between n and 0.500 

In order to predict the performance of the pitot-venturi under 
conditions which are apart from test conditions, it becomes nec- 
essary to set 500 and observe the variation of A, as a fune- 
tion of the Reynolds Number 
source of differential pressure is the fluid flow through the inner 


Keeping in mind that the primary 


venturi, it appears correct to use the Reynolds Number for the 
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throat asan index. Tests have shown that the entrance velocity 


at the inner venturi is only about 70 per cent of the upstream veloc- 
ity. Also, it has not been completely established how this per- 
centage varies with pipe size and velocity, so it is our present 
practice to simply solve for the throat Reynolds Number under 
application conditions, using the average pipeline velocity instead 
of the throat velocity. Test conditions are then specified to 
duplicate as close as possible the expected field conditions and a 
calibrating run is made. 

The calibration curve furnished with the element is a solution 
of the flow equations given in the main body of the paper with 
n= .500. K,,, however, is not a constant until the throat Reyn- 
olds Number exceeds 16,000. 


Discussion 


J. 
tions placed in gage lines to ‘‘smooth out" the operation of the 


Under conditions of pulsating flow, restric- 


secondary element can cause erroneous Indications on the second- 
ary element. Partially closed needle valves in gage lines be- 
tween the primary and secondary elements of a flowmeter may 
give a smooth record on the secondary element, but also may give 
a reading which indicates that the flow is several times as great 
as the actual flow. 

The writer has the feeling that the damping devices placed in 
the gage lines also may cause erroneous readings and would like 
to know if the author has taken this possibility of error into ac- 
count. If truly pulsating flow exists, it would seem that under 
no consideration should a damping device of any kind be used in 
the gage lines. 


AcTHOR’s CLOSURE 


The flow of water in our test equipment was not of a pulsating 
nature. Instead, the undamped wave form showed no symmetry 
whatsoever, 

In order to establish the validity of the records obtained using 
damping units, a by-pass utilizing a gate valve was installed across 
both damping units. When both of these external loops were 
wide open, it was clearly observed that the recorded record had 
widths which were reported in the paper and when the gate valves 
were closed, the resulting record was observed to be an arith- 
metical average, 
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